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According to ICH Q8 process analytic technology (PAT) should be established to monitor critical 
quality attributes (CQAs) during manufacturing processes. Ethinylestradiol (EE) is a highly active 
and low dosed steroid hormone that is prone to oxidative degradation. The stability of this 
compound is therefore a critical quality attribute that has to be considered during drug formulation 
development. Beside the stability of EE, granule particle size and moisture are CQAs influencing 
the tableting ability of the resulting granules and the stability of EE. Both CQAs should be 
monitored during the production process. 
The investigations described in this thesis evaluate the implementation of in-line-sensors for 
monitoring of particle size (spatial filtering technology, SFT) and granule moisture (microwave 
resonance technology, MRT) during the fluid bed granulation process and the influence of 
process-variations on the stability of EE. The aim of these investigations was to develop an 
effective and mild fluid bed granulation process for a new model formulation based on 
microcrystalline cellulose as replacement for lactose as main filler excipient. The EE degradation 
products 6-alpha-hydroxy-EE, 6-beta-hydroxy-EE, 9(11)-dehydro-EE and 6-oxo-EE were 
quantified as an index for the stability of EE. 
It could be demonstrated that the surface of the filler substance influences the stability of EE due 
to the impact of water molecules. Hence, spraying sequence was determined to be a useful tool to 
improve the stability of EE. Correlations could be established for 6-oxo-EE with granule moisture 
and thermic parameters. The implementation of the SFT-sensor in the granulation process was 
successful. Measurement with the MRT-sensor for monitoring of granule moisture has to be 
improved.  
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 General introduction 1.1
Ethinylestradiol (EE) is the most commonly used estrogen substance in oral contraceptives1. 
Homogenous drug distribution and stability of the compound in the formulation must be in 
focus during development of formulations containing this highly active and low dosed 
compound. EE is prone to oxidative degradation accelerated by temperature or 
photocatalysis. In the past, dosages of 0.05 mg EE were dispensed; nowadays the dose 
could be reduced to 0.015 mg. However, the advantage of lower doses of EE regarding the 
side effects and safety of patients is coupled with the problems regarding content uniformity 
and stability of EE in the pharmaceutical formulation. The most frequently used dosage forms 
for application of oral contraceptives are film coated and sugar coated tablets. Granulation is 
an important process step during the production of these dosage forms to improve the flow 
ability and tableting ability of pharmaceutical powders. Within the granulation technologies 
fluid bed granulation is frequently applied due to ability to perform the three granulation steps 
mixing, granulating and drying in one container. Further important but uncritical process 
steps during manufacturing of coated tablets is the tabletting process and the coating 
process. Standard formulations for tablets containing EE are based on lactose as main filler 
excipient. 
Within the fluid bed granulation process the unstable drug substance EE is exposed to high 
moisture during granulation and high temperatures during drying. The water added during 
the manufacturing process might influence the stability of drug substances due to 
acceleration of degradation reactions. Furthermore the moisture in granules might influence 
tensile strength and disintegration time of tablets manufactured from these granules. 
Consequently, increased moisture contents result on the one hand in accelerated 
degradation of EE and on the other hand hard tablets whereas dry granules cause enhanced 
stability of EE but lead to tablets of unsatisfying hardness. Regarding the moisture in the 
granules, a compromise has to be found to assure an acceptable hardness of tablets with as 
low as possible influences on the stability of EE. 
The particle size of the resulting granules influences the flow ability and the homogeneity of 
the granules as well as the properties of the resulting tablets like hardness, friability and 
disintegration. 
Due to the influence of granule moisture, particle size and stability of EE on the final dosage 
form these granule attributes are defined as critical quality attributes2. 
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Fluid bed granulation is therefore a complex, multifactorial process where particle size and 
moisture of the granules are critical quality attributes. Their control during the process (in-
line-monitoring) is an important element in process development and optimization (ICH Q8) 
as well as for monitoring in routine operation3;4. An optimization of the process time might be 
possible which is important in particular for unstable drug substances like EE leading to a 
reduction of thermal stress. 
According to the initiatives of the FDA and ICH3-5 current scientific methods should be 
applied to improve the quality of the drug product and efficacy of the production process. The 
use of process analytic technologies (PAT) for measurement of critical quality attributes 
during the process is important to assure the quality of the final product. PAT tools comprise 
chemical, physical, microbial and mathematical methods as well as methods for risk 
analysis3. They should ideally already be implemented during product development of a drug 
product6. 
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 Definition of PAT 1.2
The FDA-initiative „Pharmaceutical cGMPs for the 21st Century: a Risk-Based Approach“ 
from 20027 provided first of all an official definition of PAT. The targets of the FDA- initiative 
were:  
 pushing the implementation of new technologies  
 facilitating modern quality systems and management tools  
 facilitating the utilization of risk based analysis for critical process steps 
One result of this initiative was the publishing of the FDA-Guideline „PAT- A Framework for 
Innovative Pharmaceutical Manufacturing and Quality Assurance“3. Within this guideline PAT 
is defined as system for design, analysis and control of manufacturing by measurement of 
critical quality and performance attributes of raw material, in-process-material as well as 
processes for assurance of end-product-quality. Aim of this guidance is therefore the 
development of extensively analyzed processes to obtain a pre-defined quality of the 
manufacturing process. PAT includes the following tools3: 
 multivariate tools for design, data acquisition and analysis  
 Process analyzers (in-line, at-line or on-line measurement of biological, physical or 
chemical material attributes)  
 Process control tools (should be established during product design and process 
development) include the following steps: 
o Identification and measurement of critical material and process attributes 
relating to product quality 
o Real-time monitoring of all critical attributes 
o Process controls to ensure control of all critical attributes 
o Development of mathematical relationships between product quality attributes 
and measurements of critical attributes 
 Continuous improvement and knowledge management (data collection and data 
analysis over life cycle of a product) 
Measurements should be installed for monitoring trends during the process to show 
individual process steps and changes within the process. They can be used for process 
monitoring, control and end-point determination3. 
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ICH Q84 defines the concept of PAT as well. PAT-tools for in-line, at-line or off-line 
monitoring are integrated as elements of the control strategy in the Quality-by-design 
approach. The overall concept of ICH Q84, ICH Q95 and ICH Q108 shows that PAT is a risk 
based approach for keeping the end-product quality. It includes methods of systemic 
development of formulation and process as well as process optimization and chemo metric 
methods for multivariate data analysis. 
Therefore PAT provides the possibility of continuous quality assurance, process validation 
and further development by using the gained correlations between process variables and 
product attributes9. 
Figure 1-1 provides an overview on the regulatory requirements on PAT. 
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Figure 1-1: Regulatory roots of PAT according to9 
FDA 
EMA 
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and Quality assurance 
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Pharmaceutical Development 
Q8 (R2), Annex 2 (2009) 
Quality Risk management Q9 
(2005) 
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 Fluid bed granulation 1.3
 Description 1.3.1
During fluid bed granulation powder particles are fluidized by air flow through the powder 
bed. Binder solution is sprayed on the fluidized powder bed using one or several nozzles. 
Within the process the powder particles are agglomerated resulting in granules of larger 
particle size10. The fluid bed granulation process is therefore classified as granule growth 
process resulting in single rounded agglomerates. The process steps mixing, granulating of 
the powder with binder solution and drying of the resulting granules are carried out in one pot 
making the process fast and efficient. Compared to mixer agglomeration the resulting 
granules are more porous which is advantageous for tableting of the granules and their 
dissolution. 
Figure 1-2 presents the construction of a conventional fluid bed granulator. The fan mounted 
in the exhaust air pipes generates a suction that fluidizes the powder and brings each 
particle in a state of suspense where the gravity of each particle corresponds to the force 
resulting from the air suction on every single particle10. The particles are therefore freely agile 
and the powder bed turns to a state similar to liquid- the so called ‘fluidisation’. The resulting 
appearance of the fluidized powder bed is like a boiling fluid10. Miscellaneous types of fluid 
bed granulators are available. A positioning of sensors for in-line measurement depends on 
the type of the used granulator. The experiments described in this thesis were performed 
using a Glatt GPCG 3.1. The principle of operation is comparable to the granulator depicted 
in Figure 1-2. 
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Figure 1-2: construction of a fluid bed granulator11: 1 inlet air; 2 inlet air regulation; 3 filter; 4 
heater; 5 sieve bottom; 6 product container; 7 deceleration zone; 8 spray nozzle; 9 fine filter; 
10 shaker; 11 fan; 12 exhaust air 
The fluid bed granulation process can be subdivided to the following process phases: 
1. Mixing and warming: homogenizing of the raw materials by rising bubbles, increase of 
temperature in the powder bed due to heated inlet air. No change or slight decrease 
in product humidity. 
2. Addition of API (Active pharmaceutical ingredients): Substances which are not 
inserted with raw materials in the product container can be sprayed on the heated 
powder bed as solution. 
3. Agglomeration: Spraying of binder solution and therefore building of the granule 
particles initiated by formation of nuclei that are fixed by pendular or funicular bridges. 
Further growth results from coalescence or agglomerates, redistribution of broken 
fragments, abrasion transfer or snowballing12. The spraying of water containing binder 
solution results in low product and exhaust air temperatures. 
4. Drying of the granules: The resulting granules are dried in the warmed air stream until 
the defined granule moisture is reached. The product and exhaust air temperatures 
rise to the value of the inlet air. 
The process of fluid bed granulation has several disadvantages, for example: 
 The huge throughput of conditioned inlet air results in high energy consumption 
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 An increased risk of explosion due to electrostatic force – therefore additional 
protective precautions are necessary 
 The fluidization due to the high air throughput might lead to increased decomposition 
of unstable substances  
 Granule attributes 1.3.2
This chapter reviews the properties of granules and summarizes their influence on the further 
processing. The particle size and particle size distribution as well as the granule moisture as 
CQAs investigated in this thesis are discussed in detail in chapter 1.6 and 1.7. By 
comparison granules manufactured in fluid bed granulation process are generally more 
loosely aggregated and more irregular in shape and appear therefore more porous, bulkier 
and more compressible than those produced using the high shear granulator13. 
 Particle size and particle size distribution (see chapter 1.6): 
The particle size influences further granule properties like bulk and tapped density, flow 
ability, specific surface, dissolution behavior. Demixing of granules can be eliminated due 
to a tight particle size distribution and fixing of small API-particles at larger particles of 
granules. The risk of contamination is reduced due to enlargement of particle size and 
therefore reduction of dust formation.  
 Particle shape: 
Granules produced in fluid bed are spherical shaped. The particle shape influences the 
flow ability. 
 Porosity: 
Granule particles are agglomerates of agglutinated powder particles. Air cells are 
incorporated within the powder particles. The porosity ε is defined as relation of pore 
(cell-) volume and total volume and is calculated from the corresponding densities. The 
porosity within the granule particles is defined as intraparticular porosity and is influenced 
by the properties of powder particles and the manufacturing process. The porosity is 
important for further processing of the granules (tableting). Less porous granules or 
larger bulk density are formed at higher rates of binder solution addition14. 
 Particle surface: 
The formation of agglomerates changes the particle surface and therefore influences the 
tableting behavior of the granules as follows10;11;15: 
– Optimization of the surface, the wettability, the porosity, the solubility and the 
dissolution behavior 
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– Improvement of plastic deformability as requirement for tableting 
– Improvement of mechanical stability of resulting tablets: the rough surface of 
granule particles results in hard tablets due to adhesion and friction of the 
particles upon compression 
 Density (Bulk and tapped density): 
The determination of density depends on the measurement of volume. The densities 
differ according to 
a) Particle density/true density - cavities and intraparticular pores are considered as 
open space, measurement e.g.: helium-pycnometry 
b) Apparent density - includes intraparticular pores and cavities, measurement e.g.: 
mercury-pycnometry 
c) Bulk and tapped density - characterization of granules as bulk, properties as 
particle size, particle shape and interparticular connections are considered 
Bulk and tapped density describe the ability of the granules to flow. They are used for 
calculation of Carr-index and Hausner-factor. Murakami et al16 show that the tensile 
strength of tablets is increased when granules have a loose bulk density. Increased 
average granule size reduces the particulate interactions due to a lower surface-to-mass 
ratio. Hence the granulation void spaces are reduced with a higher bulk density value. 
Increased product moisture due to increased rates of binder addition and lower inlet air 
temperatures leads to denser granules14. The defined flow ability due to an increased 
bulk density results in an improvement of dosing. 
 Mechanical properties (tensile strength of granule particle, friability): 
A sufficient mechanical stability is essential for further processing of the granules. 
Otherwise the stability should be moderate for tableting purposes. The friability of 
granules is decreased with increased rates of addition of the binder solution14. Less 
friable granules are formed by augmenting the wetting and penetration capabilities of the 
binder solution14. 
 Flow ability: 
Adequate flow ability is necessary for further processing of the granules. It depends on 
the particle size, the particle size distribution, the particle shape, the particle surface, the 
moisture and electrostatic charge. In general, fine powders (< 50 µm) appear to be 
cohesive with decreased flow ability whereas granules (> 300 µm) are free flowing. 
Beside direct measurement of the flow ability (e.g. angle of repose), the Carr-index and 
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the Hausner-factor determined from bulk and tapped densities also provide an indication 
for flow ability. 
 Moisture (see also chapter 1.7): 
The residual moisture in granules might on the one hand influence the stability of APIs 
and the further processing of the granules (e.g. sticking on tableting equipment and 
capping of tablets)10. Low moisture content might be responsible for insufficient 
mechanical stability of tablets. Hence the moisture determination in process as well as in 
the end product can be regarded as an important process control. 
 Homogeneity: 
The API should be distributed homogeneously in the bulk. An inhomogeneous 
distribution of the API across the particle size fractions might lead to demixing at further 
processing and transport. 
 Controlling of fluid bed granulation 1.3.3
Fluid bed granulation is a complex process where numerous variables interact and influence 
the attributes of the final granules. Below only some examples can be discussed. Due to the 
definition of particle size and granule moisture as critical quality attributes investigated in this 
thesis, these attributes are focused in the present section. 
During granulation process the particle size and moisture of the resulting granules are mainly 
influenced by the droplet size of the sprayed binder solution, the product moisture and the 
product temperature during the granulation process10;17. These process variables result from 
the input-variables spray rate, spray pressure of the vaporizing air, amount of inlet air and 
inlet air temperature. Davies and Gloor14 show furthermore that the position of the spray 
nozzle in proportion to the fluid bed has an influence. Further variables are listed in Table 
1-1. During the drying phase the product moisture is decreased due to the continuous 
moisture delivery with the air stream. The drying process is therefore influenced by the inlet 
air temperature and the inlet air humidity. 
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Table 1-1 Variables influencing the fluid bed granulation and attributes of the resulting 
granules (modified from17 and10) 
Attributes of raw 
materials 
Variables granulation 
process 
Variables drying 
process 
Attributes of 
granules 
 Particle size 
distribution 
 Wettability of the 
solid by the liquid 
 Solubility and 
degree of swelling 
in the binder 
solution 
 Binder 
concentration and 
viscosity 
 Droplet size at 
spraying of binder 
solution 
 Pressure of 
vaporizing air 
 Spraying rate 
 Quantity of solvent 
 Air flow rate/ Bed 
fluidity 
 Inlet air temperature 
and Humidity 
 Equilibrium moisture 
and temperature in 
bed 
 Process time 
 Position of spray 
nozzle 
 Amount of powder in 
fluid bed granulator 
 Inlet air 
temperature 
and humidity 
 Air flow rate 
 Process time 
 Particle size 
distribution 
 Bulk density and 
porosity 
 Moisture content 
 Drug content 
uniformity across 
particle size 
distribution 
 Granule 
strength/friability 
Schæfer and Wørts did extensive research concerning control of fluid bed granulation 
process12;18-21. They found that the particle size in granules is influenced by droplet size and 
flow rate of the binder and is large at low inlet air temperature. An increased amount of 
binder resulted in a tight particle size distribution. The droplet size is the result of the mass 
balance between the spray air and the amount of binder in the spray nozzle. A small droplet 
size can be adjusted with a high spray pressure or a low spray rate10. The decrease in the 
average granule size with its corresponding increase in granule friability is attributed to the 
finer spray droplet formation of the binder solution as a result of increasing the proportion of 
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air to liquid in the atomization process. Furthermore, Davies and Gloor14 showed that the 
bulkiness of the granules manufactured at little air pressure is decreased. 
An increased spray rate causes a larger droplet size of the binder13 and an increased free 
moisture in the product10;14;22 resulting in a larger particle size in the granules. 
At defined spray rate, inlet air rate, relative inlet air humidity and the inlet air temperature 
influences the free moisture of the product during granulation: An increased inlet air 
temperature causes an increased removal of moisture within the exhaust air and therefore 
low moisture content during the granulation process. Free moisture during building up of the 
granules influences decisively the particle size of the product12;20;23. A higher inlet air 
temperature during granule formation produces smaller, more friable granules14. On the other 
hand, granulation at room temperature may cause premature agglomeration of the powders 
due to over wetting by the binder solution14. An increase of inlet air temperature causes an 
increased product temperature when free moisture is removed from the granules and may 
result in a thermic decomposition of unstable APIs. 
The more porous granules obtained at higher inlet air temperatures are due to the larger 
quantities of unprocessed material in the fluid bed that causes bulkiness of the products14. 
Granule size enlargement due to increased wetting capabilities of the binder solution results 
in denser granules while larger average size granules obtained through increased binder 
concentration result in less dense granules. Larger and denser granules formed at lower inlet 
air temperatures showed better flow properties14. 
 Implementation of PAT in the fluid bed granulation process 1.3.4
Due to the high number of process variables influencing the end product and regarding the 
requirements of the PAT initiative several studies focusing the optimization of fluid bed 
granulating process were performed using in-line sensors for measurement of particle size 
distribution and granule moisture as critical quality attributes. Laurenco et al24 describe an 
entire quality by design experiment under variation of binder rate, inlet air temperature and 
inlet air rate during the process. For screening and optimization tests in pilot scale a Parsum-
SFT-sensor was used for inline particle size measurement. In production scale additionally a 
MRT-sensor for inline moisture measurement was used. Herdling and Lochmann25 describe 
the implementation of PAT in the production of solids. Their focus is set on the measurement 
of product moisture using NIR and MWR as well as particle size. Burggraeve presents an 
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overview on PAT in fluid bed granulation focusing on NIR methods for determination of PSD 
and moisture during granulation, acoustical methods and spatial filtering technology26. 
In the commonly used fluid bed granulation process PAT is already implemented by 
measuring process parameters like inlet and outlet air temperature as well as the product 
temperature. These parameters can be used for indirect measurement of granule moisture in 
terms of the Delta T method (section 1.7). Product moisture and particle size are potential 
quality attributes of the granules2. 
Investigations described in this thesis focus on the implementation of spatial filtering 
technology (SFT) and microwave resonance technology (MRT) in the fluid bed granulator for 
continuous in-line measurement of particle size and granule moisture during the fluid bed 
granulation process. 
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 Model formulation 1.4
The formulations used in this thesis are based on microcrystalline cellulose with 
Ethinylestradiol as active substance. Table 1-2 provides an overview on the composition of 
the model formulation. The solvents used during granulation (water, ethanol) are not listed 
due to their removal from the granules during processing. Due to a possible lactose-
intolerance of patients lactose was replaced by microcrystalline cellulose in this new 
formulation. The focus of this work was set on the implementation of in-line sensors for 
process monitoring during manufacturing of granules with this new formulation process with 
special consideration of the stability of EE. Hence, the following chapters depict the 
properties of EE and MCC. 
Table 1-2: Composition of the model formulation 
Substance Functions in the formulation 
Ethinylestradiol (EE, micronized) active pharmaceutical ingredient (API) (see 
chapter 1.4.1) 
Microcrystalline cellulose (MCC, Vivapur 
101) 
filler, binder, disintegrant (see chapter 1.4.2) 
Maize starch filler, binder, disintegrant 
Pregelatinized starch (Starch 1500) binder, disintegrant 
Maltodextrine binder 
Magnesiumstearate lubricant 
 Ethinylestradiol (EE) 1.4.1
1.4.1.1 Characteristics 
EE (19-Nor-17α-pregna-1,3,5(10)-trien-20-in-3,17-diol, C20H24O2 ), developed in 1938 by 
Schering AG, is the estrogen substance most commonly used in oral hormonal 
contraceptives1. EE is well characterized. Much knowledge on the substance is available in 
the pharmaceutical industry which is not published and therefore not accessible at all. EE 
has a molecular mass of 296.4 g/mol. Its pharmacological effect is akin to that of estrogen 
produced naturally in the body. Chemically, EE differs from estrogen concerning the ethinyl-
side-chain in ring D of the steroid-structure (Figure 1-3). 
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EE is used in oral contraceptives and hormonal replacement therapy in concentrations of 
20 µg / day to 50 µg / day at which 30 µg / day as single dose is most frequently prescribed. 
The most important effect is ascribed to the repression of ovulation1. The lowest effective 
dose per day (15 µg) is used for repression of bone absorption in therapy of osteoporosis1. 
 
Figure 1-3: Structure of Ethinylestradiol (EE) 
In development of formulations containing the high active and low dosed compound EE 
special attention must be paid on the homogeneity and stability of the drug substance. 
According to ICH Q1A degradation products must be analyzed and characterized in 
formulations.  
1.4.1.2 Stability of EE 
To date, published data on EE mainly addressed environmental questions e.g. removal from 
wastewater whereas little data is available on the stability of EE in pharmaceuticals. 
The degradation of EE is an oxidation mechanism auto catalyzed by peroxide radicals. The 
main points of action for this autoxidation reaction are unsaturated bondings and highly 
condensed polymers like dienes and double bondings27;28. For EE the degradation is 
autocatalyzed via the phenyl ring nearby the benzyl ring in the steroid structure27. The 
leading degradation products are 6-alpha-hydroxy-EE, 6-beta-hydroxy-EE, 9(11)-dehydro 
(DH)-EE, 6-oxo-EE29-31 (Figure 4-1, Chapter 4.1, page 73). Due to the amount of degradation 
product below the identification limit of ICH Q3B32 in the registered products no qualification 
studies including clinically relevant adverse effects characterization were performed on the 
impurities. The degradation of EE is directly linked to atmospheric oxygen: Ekhato et al33 
demonstrated that the degradation in oxygen atmosphere is increased compared to 
degradation in argon atmosphere. Further studies on forced degradation of EE in acid and 
OH
OH
A B
DC
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alkaline as well as hydrogen peroxide (4 h at 80 °C, in the dark) showed that the highest 
degradation rate of 56.8 % was found in hydrogen peroxide followed by alkaline medium34. 
Beside the induction via oxygen as described above, thermally31 and photo catalyzed35;36 
induction are possible as well. 
The photocatalyzed degradation of EE continues slowly and with a small amount of 
degradation products corresponding to quinone methide and 1,2-quinone derivatives, ring-
monohydroxylation photoproducts and photoproduct arising from hydroxylation onto the 
saturated ring linked to the aromatic one37. Sedee and van Henegouwen36 dedicated 
hydroperoxides. EE was found to be stable in sunlight at 280-780 nm36. However in tablets 
formulated with dyes these organic colorants might act as photosensitizer absorbing energy 
and transferring it to the EE molecules. With the presence of oxygen a photodynamic 
process starts. EE reacts to peroxides that catalyze the further degradation progress27. Due 
to the photosensitive effect of organic colorants they were replaced by iron oxides in the 
formulations36. Furthermore, the photocatalyzed degradation might be clinically relevant 
concerning photo-allergic reactions: photo-oxidation of phenolic steroid structure leads to 
irreversible binding to protein or other endogenous molecules36. 
In this thesis the stability of EE in pharmaceutical solids (granules and tablets) as a function 
of granulation process parameters is investigated by storage of the formulation in climatic 
chambers with conditions corresponding to the regulatory background according to ICH Q 1A 
(i.e. 25 °C/60 % r. h. and 40 °C/75 % r. h.). After storage the main degradation products are 
quantified using HPLC. 
1.4.1.3 Influence of water on the API stability in solid dosage forms 
As already mentioned granule moisture is an important CQA that might influence the stability 
of APIs. This section therefore examines the interactions of water with compounds. The 
following mechanisms catalyze the degradation of active substances in solid dosage forms: 
 Amorphous fractions: A low percentage of amorphous regions in drugs might be 
generated mechanical. These regions have greater mobility and lack crystal lattice 
stabilization energy. As a result oxygen permeability and solubility will be higher. 
Greater mobility and higher oxygen concentrations present in amorphous drugs also 
facilitate electron transfer to oxygen. The amorphous form of a compound is higher in 
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energy; hence, the rate of reaction will be faster38. Such amorphous regions can be 
produced by spraying the drug substance in the fluid bed39. 
 Solid solution: Excipients can potentially solvate the drug either by bringing in low 
levels of moisture or keeping water around the API. This can result in amorphous 
regions of the API respectively in deprotonating and therefore an increased 
reactivity38;40. 
 Reactivity of the excipients: Excipients might be a source of oxidants and metals. 
Furthermore they can be involved in generating mobile oxidative species such as 
peroxyl radicals, superoxide and hydroxyl radicals38. Furthermore Mahajan et al39 
found that the oxidative degradation is increased at low concentrations of drug 
substance due to a high interaction rate of drug substance with excipients that could 
deal as reactant. 
This thesis focuses on water contained in the formulation as critical material attribute. Hence, 
the influence of water on the stability of drug substances will be subject of the following 
remarks. 
Ahlneck and Zografi41 discussed the molecular interactions between water and solids: 
Amorphous structures respectively amorphous layers at particle surfaces adsorb small 
amounts of water (“hot spots”). The water decreases as plasticizer the glass transition 
temperature. Consequently the molecular mobility of these structures and correspondingly 
the chemical reactivity are significantly increased. Therefore water can act as both chemical 
reacting agent (hydrolysis and oxidation) and plasticizer. 
The Leeson-Mattocks-Modell40 describes water existing as a layer around the particles 
containing the drug substance in a saturated solution. This solution increases the mobility 
and reactivity of the drug substance. Therefore the total degradation rate is affected by the 
degradation of the solvated part of the drug substance. Each degraded API-molecule is 
substituted by a new one. 
Summarizing, water in the formulation affects the stability of drug substance as follows: 
 Water acts as reactant by hydroxylation of the drug substance and increasing its 
reactivity38 
 Water acts as plasticizer by mobilization of small amounts of drug substance in the 
water layer on the particle surface hence increasing the reactivity of drug 
substance39;40;42 
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 Microcrystalline Cellulose 1.4.2
1.4.2.1 Characteristics 
Microcrystalline celluloses (MCC) were developed in the 1950s43. MCCs are inert and stable 
excipients used as flow regulator, binder and disintegrant. MCC provides optimal 
characteristics for tableting purposes and is therefore the mostly used binder for direct 
tableting. The structure is presented in Figure 1-4. MCC is described as a white fine or 
granular powder, practically insoluble in water, in acetone, in ethanol, in dilute acids and in a 
50 g/l solution of sodium hydroxide with a loss on drying of the powder of maximum 7 %44. 
During tableting MCC undergoes a plastic deformation45 but also acts in an elastic manner46. 
 
Figure 1-4: Structure of microcrystalline cellulose 
MCC is produced from purified alpha-cellulose extracted from wood45. The amorphous 
structures normally connecting the naturally existing microcrystalline structures of cellulose 
are split by acid hydrolysis. This process results in cellulose with a so called “level-off degree 
of polymerization” (DP) of 200 to 300- meaning 200 to 300 monomeric units in a polymer. 
The microcrystals (diameter of 1 µm-10 µm) existing in a fibrous and packed structure run 
out of this structure by mechanic shear in a dilute suspension and are dried using spray 
drying or in air stream. Partly the microcrystals form agglomerates. By variation of the 
hydrolysis, shear and drying conditions particle size and moisture of the product can be 
adjusted. Hence different qualities are available. Differences between the MCC products 
available have been examined and discussed in several studies. It could be demonstrated 
with Emcocel® of different process steps and raw material sources that the source of the 
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original cellulose has a larger effect on the crystallinity than the manufacturing process47. The 
study also showed that the crystallinity has no influence on compressibility and flow ability. 
Beside the manufacturing parameters the quality of the wood used for manufacturing 
influences the quality of MCC: A further study48 investigated the influence of sources from 
different countries on the characteristics of MCC by means of chemical investigations 
(amount of lignin and cellulose), crystallographic investigations (XRPD, NIR, Raman), 
physical investigation (PSD, SEM, flow ability) as well as tableting behavior (direct tableting, 
compressibility, dissolution). Differences within the used type of wood (hardwood/softwood) 
influenced the amount of lignin. Only small differences were found for the equilibrium 
moisture content that influenced heavily the mean yield pressure due to the particle 
deformation as dominant densification mechanism for MCC. Indeed, it was demonstrated 
that the sample with the largest crystallinity showed the smallest equilibrium moisture. 
Significant differences were measured for compressibility. In view of the close correlation 
with mean surface diameter, these differences in compressibility were attributed to the 
variation in particle size. Correspondingly the MCC with the smallest PSD showed poorer 
flow ability than the other brands. Ardizzone et al49 showed for two samples of Avicel PH102 
from different countries of origin in SEM pictures that the particle morphology differed. One 
sample depicted large aggregates of almost spherical geometry whereas the other sample 
consisted of finely subdivided particles with irregular geometry. 
In this thesis predominantly MCC of type Vivapur 101 was used as excipient for wet 
granulation processes. Table 1-3 provides an overview on the properties of MCC-qualities 
used in this thesis. 
Table 1-3: Characteristics of MCC (Source: http://www.jrspharma.com, 
http://www.fmcbiopolymer.com) 
Name Manu-facturing 
(type of drying) 
Average 
particle 
size (µm) 
Particle size 
determination 
Bulk density (g/cm3) 
 
VIVAPUR® 101 Air stream 65 Laser diffraction 0.26 - 0.31 
VIVAPUR® 105 Air stream 25 Laser diffraction max. 0.26 
VIVAPUR® 12 Air stream 180 Laser diffraction 0.30 – 0.36 
Avicel PH 102 Spray drying 100 Not remarked 0.28 – 0.33 
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Haware et al50 compared Avicel and Vivapur MCC qualities as well, certainly with declaration 
of the used types. For this reason a direct comparison between Avicel PH 102, Avicel PH 
101 and Vivapur 101 can be done. They analyzed PSD, SEM, densities, flow ability and 
tablet ability. SEM-pictures (Figure 1-5) of Vivapur 101 and Avicel PH 102 showed that the 
particles are similar by size, however the particles of Vivapur 101 are more fibrous. Vivapur 
101 showed low porosity throughout the entire compression cycle and made slightly stronger 
tablets compared to Avicel PH 10150. 
Avicel PH 102 
 
Vivapur 101 
 
Figure 1-5: SEM pictures of Avicel PH 102 (magnification x 270) and Vivapur 101 
(magnification x 250)50 
1.4.2.2 Influence of water on properties of MCC 
During fluid bed granulation MCC is getting in close contact to water. Water in the 
formulation is an issue that has to be considered regarding tableting properties and the 
stability of the formulation (see section 1.7). The knowledge about the state and amount of 
water is important to estimate how much water exchanges from gas phase or capillary phase 
and may influence the drug substance stability. Hence the following chapter discusses the 
interactions between MCC and water from molecular and macromolecular point of view as 
well as the influence on the tableting behavior. 
Water vapor sorption by MCC appears in different states51. It could be demonstrated by 
means of water-sorption isotherms that water penetrates in the polymer structure of MCC52. 
The following general model was presented for celluloses and starches51: 
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 At low relative pressures water is bound directly to available anhydroglucose units in 
amorphous regions of cellulose with a stoichiometry of one water molecule per 
anhydroglucose unit. 
 At intermediate relative pressures (up to 0.6) polymer-polymer hydrogen bonds are 
crushed resulting in an increase in primary binding sites available and allowing water 
to begin to bind to other water molecules already bound to anhydroglucose units 
 At higher relative pressures more primary binding sites become available; water can 
now also bind to other water molecules including those not bound to primary sites. 
In this model therefore at least two distinct thermodynamic states of water can exist 1) water 
directly bound to one hydroxyl group per anhydroglucose unit and 2) water bound to other 
water molecules (like bulk water)51. There is clear evidence that water also exists in 
intermediate states or states involving water not bound to the primary site but still influenced 
by the chemical structure of the anhydroglucose unit. This intermediate state water can be up 
to three times the value of water bound to the polymer. Furthermore some water molecules 
may be associated with starch or cellulose in metastable states relative to pure water or 
trapped in the polymer matrix51. Faroonsarng and Peck53 showed furthermore that water 
exists as a monolayer on the surface of MCC and reacts there with the so called “actives 
sites” at anhydroglucose molecules. 
Most of water bound to MCC is situated within the porous structures of the particle54. These 
internal structures represent 95 % of the surface of MCC that may react to water. The water 
that reacts to the amorphous structures, causes a decrease of the glass transition 
temperature and hence, an improvement in deformation53-55. The sorption sites on the 
surfaces exist in the glassy state (amorphous surfaces). By adsorption of water and therefore 
the decrease of glass transition temperature these areas are transferred into the rubbery 
state53. Investigations by means of NMR with Avicel PH 101 showed that at high moisture 
content (50 % r.h.) the crystallinity increases56. 
Khan et al57 discussed the water adsorption to MCC (Avicel PH 101) from macromolecular 
point of view. The cellulose microcrystals are packed together in form of cylindrical micro 
fibrils where the cellulose chains are oriented axially and tightly packed in the crystalline 
core. They are more loosely packed in the outer sheath that contains more amorphous 
cellulose. Up to moisture of 3 wt. % water has practically no effect on the specific volume of 
MCC, indicating that the water molecules are being accommodated in the spaces between 
cellulose chains. By moisture above 3 wt. % a swelling of micro fibril causing an increase in 
 Page 23 
 
volume could be shown. This could also be demonstrated in the tablets with MCC of different 
moisture content: the micro fibrils align in the cavity during the tableting process. Therefore 
an increase in the height of tablets was determined. 
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 α-Lactose Monohydrate 1.5
In the past, α-lactose-monohydrate (lactose) was the most frequently used main filler 
excipient for tablets made from granules manufactured in fluid bed granulation processes58. 
Due to frequently appearing lactose intolerance the lactose should be replaced in the 
standard-formulation. In this thesis the granulation process for a new model formulation 
based on MCC as replacement for lactose is investigated. For comparison with the new main 
filler excipient (MCC) lactose was used in different tests. Therefore this section introduces 
the main properties of lactose. 
In α-lactose-monohydrate the galactose and glucose moieties are connected together 
through β(1,4)-glucosidic linkage (O-β-D-galactopyranosyl-(1-4)-α-D-glucopyranose). The 
structure is presented in Figure 1-6. The crystals are available in the so called 
Tomahawk structure. Lactose is produced from bovine milk and milk products. It is a white, 
crystalline powder that is easily soluble in water and practically insoluble in ethanol. It is 
stable in the presence of air. The water uptake from air is negligible. Milled lactose was used 
for the present tests. It could be demonstrated that the milling of lactose causes 
approximately 1 % amorphous structures on the surface of the crystals59-61. These 
amorphous structures recrystallize at a relative humidity of more than 20 %59. Crystals from 
lactose are hardly deformable and show therefore less ability for binding in tablets58. This 
makes the use of a binder necessary. 
 
Figure 1-6: Structure of α-lactose monohydrate 
In the standard formulation for tablets containing EE Pharmatose 200 M was used as filler 
excipient. The tests described in this thesis should investigate the stability of EE in 
connection to the contact with the common main filler excipient (lactose) and the new main 
filter excipient (MCC). For this purpose binary mixtures were produced containing two grades 
of lactose (Pharmatose 450 M and Pharmatose 130 M). These grades were chosen to 
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ensure a range of different particle size distributions around the standard lactose 
(Pharmatose 200 M): one lactose with a smaller particle size distribution 
(Pharmatose 450 M) and one lactose with a larger particle size distribution 
(Pharmatose 130 M). Table 1-4 provides an overview on the particle size of the used lactose 
qualities. Due to the different particle size distributions of the used lactose grades the particle 
surface and therefore the contact area with EE should vary. For comparison purposes, the 
standard lactose Pharmatose 200 M is listed in the table as well. Particle sizes from laser 
diffraction determined during tests in this thesis will be presented in the results of this thesis. 
Table 1-4: Particle size distribution of the used lactose –grades62-64 
Lactose grade Testing method Particle size distribution 
Pharmatose 130 M Sonic sifter <75 µm: max 50 % 
<180 µm: 80-90% 
Pharmatose 200 M (Standard) Air jet sieve <45 µm: 50-65 % 
<100 µm: min 98 % 
<150 µm: 96 % 
<250 µm: 99-100 % 
Pharmatose 450 M Air jet sieve <45µm: min 90 % 
<63µm: min 98 % 
<150µm: 100 % 
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 Particle size determination in granules 1.6
As stated by Yu2 and already discussed in this thesis particle size is a critical quality attribute 
during fluid bed and drying granulation process. Particle size influences flow properties, 
homogeneity and tableting behavior like tensile strength, uniformity of mass and friability in a 
crucial degree17;65-67. Small particles cause an increase in tensile strength in tablets, work of 
compression and Hausner-Factor50. 
Ph. Eur. specifies the classification of powder fines in two paragraphs: Ph. Eur. 2.9.1268 
classification based on sieve analysis and Ph. Eur. 2.9.3569 cumulative distribution with 
volumetric basis. This paragraph69 furthermore includes a definition of parameters describing 
a particle size distribution (e.g. x10, x50, x90) and a definition of types of cumulative 
distributions (number, length, area, volume). The granules produced during the investigations 
for this thesis can be classified according to Ph. Eur. as very fine to fine powder.  
Several methods for determination of particle size were described in literature70. The 
measurement methods differ according to counting and quantity measuring methods. 
Quantity measuring methods are e.g. sieve analysis and laser diffraction. Counting methods 
are e.g. microscopic and coulter counter analysis 
According to Ph. Eur. sieve analysis is the standard procedure and is therefore described in 
Ph. Eur. 2.09.3871 and ICH Q4B Annex 1272. Sieve analysis is intended for use where at 
least 80 % of the particles are larger than 75 µm71. Beside sieve analysis, Ph. Eur. describes 
optical microscopy (Ph. Eur. 2.9.37) and laser diffraction (2.9.31) as well. Laser diffraction 
was used as off-line particle size determination in this thesis. 
With regard to the PAT-initiatives and the possibility of real-time-release of granules 
concerning the particle size distribution several methods for continuous in-line particle size 
measurement were investigated. Beside Spatial filtering technology described in chapter 
1.6.1 of this thesis the methods listed in Table 1-5 are mentioned in literature. 
Table 1-5: In-line technologies for measurement of particle size distribution 
Method Measuring principle Citations 
Focused Beam Reflectance 
Measurement (FBRM) 
Determination of particle size from chord 
length by analysis of the light reflected from 
particles  
73-75 
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Method Measuring principle Citations 
Accoustic emmission Measurement and analysis of acoustic 
signals on the basis of unstable fluidization 
of spherical particles (determination of 
particle size and granule moisture) 
76-79 
Image Processing Systems 
(CCD), SAY-3D 
In-line evaluation of digital pictures of 
granule particles in the fluid bed 
80;81 
NIR Analysis of light scattering from particles: 
increased scattering parameter and 
decreasing penetration depth at decreasing 
particle size. Due to the decreased 
penetration depth the absorption is reduced 
and a parallel translation of the spectra 
referring the intensity results. 
82-86 
Spatial filtering technology 
(SFT) 
Determination of particle size as chord 
length from particle velocity in front of an 
optical array 
See section 
1.6.1 
Tok et al87 compared the in-line measured particle size using NIR, FBRM and acoustic 
measurements. They described that the measuring windows of the NIR as well as the FBRM 
sensor were blocked. This disadvantage was important especially during measurement with 
NIR: The determination of the nucleation-phase during granulation was not possible. During 
drying phase NIR and FBRM depicted advantages compared with the acoustic 
measurement. Summarizing, they could show that only FBRM measurement was 
independent from granule moisture. 
 Spatial filtering technology for in-line particle size determination 1.6.1
The spatial filtering technology (SFT) is based on the determination of the velocity of an 
object by observing it through a spatial filter in front of a receiver88 It was described by 
Petrak88;89. The measurement is performed by using a sensor for in-line particle size 
determination which is placed in the fluid bed granulator during the granulation process. 
During measurement the velocity as well as size of particles passing through the measuring 
volume is determined (Figure 3-1). The spatial filter consists of a periodic alignment of optical 
fibers in an array and a “c”-individual fibre. A projection of a moving particle on the optical 
array occurs when the laser beam in the measuring volume is interrupted. This projection 
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triggers a signal with the frequency „f0“ on the fiber optic array (spatial filter) and an impulse 
at the “c”-individual fibre. The particle velocity „vP“ is determined from the frequency, the 
interval of the special filter “g”, as well as the magnification of the imaging system “M” 
(Equation 188;90). The chord length of the particle “x” is determined from the impulse time “Δt” 
at the “c” individual fibre, the current particle velocity “vP” and the diameter “d” of the 
individual fiber (Equation 2). Hence the statistical particle diameter “x” is directly determined 
as chord length in direction of the optical array91. 
𝑣𝑝 = 𝑓0 × 𝑔 𝑀⁄     (Equation 1) 
𝑥 = 𝑣𝑝 × ∆𝑡 − 𝑑   (Equation 2) 
For evaluation of the results the chord lengths are classified by size during measurement. 
Based on these data the cumulative size distribution Q0(x) as well as the density distribution 
q0(x) can be calculated. 
Silva et al92 compared several in-line particle size measuring methods like SFT, FBRM, 
acoustic and optical methods with laser diffraction. They found comparable particle size 
measured with SFT and laser diffraction for several materials. However, x90 particle size 
measured with SFT was increased compared to laser diffraction. This result was justified with 
coincidences due to high particle loadings which cause overlapping of particle projections in 
the in-line sensor. Accordingly, increased particle size affecting x90 was measured. This 
thesis was confirmed by measurements at high and low sensor loading. All experiments were 
conducted off-line applying the samples with vibration feeder to the SFT-sensor. 
An accurate calibration with R² =0.97 for off-line SFT-sensor was determined in 
experiments93. However, differences were detected compared to sieve analysis that could be 
attributed to variable alignment of particles in the sensor and the different evaluations of the 
measuring methods (numeric vs. volumetric)93. 
SFT was used to evaluate the influences of granule parameters in context of statistical 
experiments based on multivariate data analysis tools for particle size distribution94. 
Furthermore the use of SFT for optimizing the fluid bed granulation process was described95-
99. Incidents during the granulation process (e.g. defects of spray guns) were visible by the 
use of SFT100. A control strategy for prediction of granule density could be established by use 
of SFT in combination with NIR to enable the adjustment of granule density via variation of 
process parameters during the drying process95. A further study established a model for bulk 
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and tapped density, consequently the Hausner-factor, on the basis of in-line particle size 
determination with SFT as well as in-line measured product-temperature evaluated by 
multivariate data analysis101. A review90 summarizes applications of SFT in the 
pharmaceutical industry. 
The installation of the SFT-sensor in the fluid bed granulator in the context of qualification of 
the measurement system is part of this thesis. Hence the literature was surveyed regarding 
the positioning and installation of the sensor in the fluid bed granulator. The following 
information could be found: 
 GPCG 1; height of 20 cm, 5 cm distance to granulator wall96 
 WSG 5; height of 45 cm93;97 
 Hüttlin HKC 200DJ: installation on product container24 
Up to now only Schmidt-Lehr99 gave exact information on installation of the sensor in the 
granulator (angle and sensor adjustment). Hung94 remarks that further studies on this issue 
are necessary. Germer102 could demonstrate that the installation of the sensor in the 
granulator has no effect on the granulation process and the properties of the resulting 
granules. 
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 Moisture measurement 1.7
As already mentioned in previous sections of this thesis moisture is an important parameter 
influencing the properties of tablets. The interactions of water with MCC as well as the drug 
substance EE were already discussed in the relevant sections 1.4.1.2 and 1.4.2.2. Schæfer 
and Wørts20 show that moisture is crucial for granule growing during granulation process. 
Carstensen40 elucidates in a review article the influence of water on formulations. Moisture 
influences the compressibility of granules and the stability of tablets in the following manner: 
a) Effect of moisture on the flow properties of powders:  
 On the one hand adsorbed water film lubricates the particles and reduces the 
frictional force that opposes the relative motion of the particles. On the other hand 
water increases the cohesion of particles by formation of liquid bridges possibly 
resulting in formation of a hard cake.54 
b) Effect of moisture on processing of powders 
 Water might accelerate degradation reactions of susceptible drug substances due to 
hydrolysis40, see section 1.4.1.3 
 The presence of excessive moisture at moderate to high compression force 
decreases the compact strength by decreasing the micro irregularities of the particles 
and by increased elastic recovery after ejection when compressed beyond true 
density54. 
 The adsorbed water film decreases the particle surface energy and thus decreases 
the adhesion of the tablet to the die wall. In addition the water film acts as a low 
viscosity lubricant. It allows for a greater fraction of the applied force to be transmitted 
through the compact to the lower punch and reduces therefore the variation of density 
in the tablet. It results furthermore in a decrease in the ejection forces and a decrease 
in the forces lost to the die wall54. 
 The moisture has a solvent effect eliminating surface cracks and irregularities in the 
crystals. This increases the crystals resistance to fragmentation and decreases the 
crystal surface energy which therefore decreases adhesion between particles54. 
 Moisture facilitates plastic deformation of microcrystals to allow close contact and 
hydrogen bonding between particles. It acts as a plasticizer and reduces the yield 
point and the elastic recovery during compaction54. 
 Increased water content reduces the porosity of tablets hence prolonging the 
dissolution time of tablets42. 
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Malamataris et al103 investigated the influence of water with several excipients for direct 
compression (MCC amongst others). They showed that weakly bound water that exists in 
monomolecular layers increases interparticular bonding whereas adsorbed bulk water 
increases the plasticity and impairs interparticular bonding. For this reason tensile strength 
reaches a maximum and begins to decrease as the moisture content is about double that 
corresponding to a tightly bound monomolecular layer and therefore becomes bulk water. 
This reflection of influence of water on the properties of the formulation shows the necessity 
to identify and monitor the optimum water content for each formulation. 
Different types of water according to bonding strength and type of bonding can be 
distinguished: 
 Adhesive water: existing at the surface of granule particles as well as in large pores 
and cavities. The vapor pressure corresponds to that of fluid water. 
 Capillary water: adhered in capillaries. In hydrophobic substances it corresponds to 
the vapor pressure of fluid water. In hydrophilic and hydroscopic substances the 
vapor pressure is reduced. 
 Swelling water: is a component of the substance and penetrates it completely. The 
bonding is relatively tight. 
 Constitutional water or crystal water: is the most tightly bound type of water. It can 
normally not be removed because the degradation of the substance would be 
connected to it. 
The water content in granules can either be determined as loss on drying (LOD) that is 
according to Ph. Eur. related to the mass of the analysed substance (Equation 3) or as water 
content that is related to the mass of the dried substance (Equation 4). 
𝐿𝑂𝐷 [%] =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 ×100
                                  (Equation 3) 
𝑤𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 [%] =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑟𝑖𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 ×100
                 (Equation 4) 
Due to the different types of bound water drying proceeds in different steps: The drying starts 
on the surface of the material until the adsorbed water there is completely evaporated. The 
process is sustained in the capillaries because water in the particles diffuses to the surface. 
Hence the drying front shifts from the surface to the inside of the particles. For this reason 
the further drying process depends on the thickness of the dried layers as well as their 
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properties like thermal conductivity and vapor permeability. Drying can therefore be classified 
according to its chronological progress in three steps (Figure 1-7): 
1. 1st section: loosely attached surface water and water from large capillaries 
evaporates with a high rate 
2. 2nd section: residual surface and capillary water evaporates with a decreasing rate 
3. 3rd section: drying of moisture from small capillaries and cavities from inside the 
particles therefore the evaporating rate reaches a minimum 
 
Figure 1-7: Stages of drying in the product11 
Drying of granules depends on the following parameters:  
 Product temperature (optimum drying temperature 35 °C - 40 °C58) 
 Relative humidity of inlet air 
 Air circulation 
 Particle size and layering of the product 
 Character of the granules (amorphicity, hygroscopizity, lipophily, aerophily) 
 Bonding of water 
Several principles can be applied for drying of materials such as convection, contact and 
radiation. In this thesis drying in fluid bed was used which can be classified as convection 
drying where heat is applied to the granules by a moving gas. The heat exchange as well as 
drying occur from outside to inside the product whereas the moving gas absorbs the water 
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and transports it away from the product. The product temperature on the surface is increased 
compared to inside. When the granules are dry, inlet as well as outlet air temperature and 
humidity are equal58. 
Granule moisture is a critical material attribute influencing crucially further processing of the 
material as well as the stability in the final product. Hence continuous monitoring of the 
drying process by direct or indirect determination of granule moisture is an important process 
control. For indirect determination the inlet or outlet air temperature respectively inlet or outlet 
air moisture or the product temperature are monitored. One example for indirect 
measurement is the so called Delta T- method (ΔT - method) already described in literature. 
Schæfer and Wørts20 describe the measurement of ΔT calculated from temperature of the 
product at the end of drying and at the end of binder spraying as stop criterion for the drying 
process. Alden et al104 and Lipsanen et al105 modified and improved the method. 
Direct measurement methods are for example the determination of loss on drying as 
thermogravimetric procedure according to Ph. Eur. 2.02.32 or the determination of total water 
content (including crystal water) by Karl-Fischer-titration as analytical procedure according to 
Ph. Eur. 2.05.12. Both methods are suitable for in-process-control measurement. Loss on 
drying was used as in process control used in the investigations for this thesis. A continuous 
monitoring of the entire process as defined by PAT and Real-time-Release is not possible 
with these methods due to the testing time needed for each individual analysis. 
Near-infrared spectroscopy (NIRS) and acoustic measurement as well as microwave 
resonance technology (MRT) are useful methods for continuous process monitoring in terms 
of in-line measurement. Within these three methods NIRS is already well established in the 
pharmaceutical industry. Reich106 gives an overview on the measurement principle of NIRS, 
the approach for analyzing the resulting data and the application in pharmaceutical 
technology. The measurement with NIRS provides advantages like the non-invasive and 
non-destroying measurement107, independence from process variables83;108 and the 
possibility for simultaneous measurement of particle size and granule moisture83. 
Nevertheless during measurement with NIRS disadvantages as clogging of the 
measurement window109, interference of particle size and granule moisture83;109 and the 
complexity of particle properties in the spectrum82;110 were depicted. Furthermore a 
manipulation of the measurement by temperature during the process might occur108. In terms 
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of development purposes the necessity of chemomatric methods for evaluation of the 
moisture from NIR signal is complex and therefore detrimental111;112. 
Due to the mentioned disadvantages of NIRS for determination of product moisture its use in 
field of development needs high efforts. For this reason MRT was used during investigations 
for this thesis as in-line monitoring of product moisture during granulation and drying 
processes. The following section provides an overview on the basics of this method. 
 Microwave resonance technology for in-line moisture measurement 1.7.1
Moisture measurement by means of microwave resonance technology (MRT) was already 
used routinely for several decades in the food as well as the animal feeding industry. 
Schlemm et al113 describes moisture measurement after installation in wheat drying 
equipment within the calibration range of 7 % to 29 % in relation to the moist product. 
The measuring principle of MRT is based on the interaction of water molecules according to 
their great dipole moment with the electromagnetic field. This great dipole moment (Figure 
1-8) is generated by the inhomogeneous loading in the water molecule due to the high 
electronegativity of the oxygen atom compared to the hydrogen atom (oxygen: 3.5, 
hydrogen: 2.1). The resulting dipole moment is 1.844 Debye. The permittivity of 80.4 (20 °C) 
is increased compared to other organic-chemical compounds. This high permittivity and the 
small masses of the water molecules result in their alignment in accordance to the polarity of 
the changing electromagnetic field at voltage application (e.g. capacitor). 
 
Figure 1-8: Loading in water dipole molecule114 
The alignment of the molecules increases proportionally to the frequency of the applied 
electromagnetic field until the upper limit-frequency of 20 GHz for water molecules115. Above 
this frequency the water molecules are not able to follow the electromagnetic field. This 
frequency is therefore named “dipole relaxation frequency”. Each turnaround of the water 
molecules is associated with a loss of energy which gets disposed from the electromagnetic 
field and correlates with the total amount of water molecules in the material111. 
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The loading of the microwave resonator system with moist material and application of an 
electromagnetic field results in an alignment of the water molecules. Compared to an empty 
resonator the resonance frequency is reduced due to the buffered energy and the band width 
is broadened due to increased electric loss caused by the uptake of energy for the alignment 
of the water molecules (Figure 1-9 A)116.  
The decrease of frequency Δf as well as the broadening of the band with ΔBW depend on 
the moisture content ψ and the total mass mtot of the material respectively the density ρ in the 
field of resonance. However, examinations showed that the ratio ΔBW/Δf is independent 
from the mass and therefore a function of the moisture116;117. 
𝑚𝑡𝑜𝑡 = 𝑚𝑤 + 𝑚𝑑            (Equation 5) 
mw= mass of water in the material 
md= mass of the dried substance 
𝜌 =
𝑚𝑡𝑜𝑡
𝑉
                          (Equation 6) 
𝑀(ψ) =
∆𝐵𝑊(ψ,m𝑡𝑜𝑡)
∆𝑓(ψ,m𝑡𝑜𝑡)
           (Equation 7)) 
𝑀(ψ)=moisture function 
A) 
 
B) 
 
Figure 1-9: Measuring principle of MRT A) Microwave resonance curves: The resonance 
frequency decreases and the band width increases due to increasing water content (line: 
empty resonator, dotted line: resonator with material)118 B) Behavior of the resonator at 
varying moisture contents and mass fractions (ΔBW: change in band width, Δf: change in 
frequency)116 
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The moisture function depends on the nature of the measured material. Hence a calibration 
specifically for each material is necessary. The determination of the material mass via the 
decrease of the resonance frequency is possible after calculation of the material moisture. 
This two-parameter measurement of mass and moisture is possible in the moisture range of 
0.5 % to 25 %116. 
Figure 1-9B depicts the elimination of the connection between the density and the two 
parameter measurement. Each measurement point (ring) corresponds to the moisture 
content at different material densities. Therefore the linear slope is independent from the 
material density. It is therefore characteristic for the corresponding moisture content. The 
microwave value can be calculated from the linear slope. 
The sensor should be installed in the product container in the height of the sampler to assure 
a constant loading with material111;112. 
The microwaves penetrate the material. Therefore a complete measurement of the physically 
bound water in the product is possible. MRT measures no crystal water118. The penetration 
depth is increased compared to NIR119 standing for an advantage for the in-line monitoring. 
The band width for measurement depends on the temperature due to energetic losses on 
metal walls and surfaces118. The intensities of <10 mW used for measurement have no 
influence on the stability of the product120. The resonance frequency of the sensor is around 
2.5 GHz118. 
A good correlation to off-line moisture measuring methods like LOD/IR could be found for 
moisture ranges up to 10 %115;121. 
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 Aim of the Thesis 1.8
Fluid bed granulation has been used for decades for the production of granules. As 
mentioned before, it is a complex manufacturing process with different key-parameters 
influencing the critical quality-attributes of the final granules (see Table 1-1). Characterization 
of the granules quality attributes such as particle size, compressibility and flow ability as well 
as end-point determination via granule moisture were performed as in-process-controls 
respectively end-point controls. For in-process- and end-point controls the granulation 
process has to be stopped for sample drawing meaning an intervention of the process and 
potentially influencing the product quality attributes. Especially the processing of a low dosed 
steroid hormone as EE, that is known to be prone to oxidative degradation27, is challenging: 
firstly the stability and homogeneity of the drug substance in the final dosage form has to be 
ensured and secondly opening the granulator for sample drawing might lead to a 
contamination of the employee due to the toxicological status of EE as carcinogen 
substance. Recent research focussed on the use of in-line continuous technologies for 
optimization of fluid bed granulation processes26. The in-line measurement is an important 
part of the PAT - approach of the FDA and ICH4;7 to improve quality of pharmaceutical 
products. One main goal of the implementation of PAT is the real-time-release of the dosage 
form in the manufacturing process3 making an intervention in the granulation process for 
sample drawing redundant. 
The present thesis aims to develop an effective and mild granulation procedure for the 
handling of EE as unstable low dosed steroid hormone. To this end the influence of the 
process variables (key parameters) drying time, drying temperature and spray regime on the 
critical quality attributes of the granules (stability of EE, particle size and granule moisture) 
are investigated (Figure 1-10). 
 Page 38 
 
Figure 1-10: Key parameters and critical quality attributes discussed in the thesis 
The stability of EE in the resulting granules respectively tablets as a function of key 
parameters is analyzed and evaluated by investigation of its main degradation products. To 
this end we used a new model formulation based on MCC as main filler substance. 
With respect to the requirements of FDA and EMA4;7 to use process analyzers for control of 
material attributes, sensors for continuous in-line monitoring of the critical quality attributes 
particle size (Spatial filtering technology, SFT) and granule moisture (microwave resonance 
technology, MRT) during the entire fluid bed granulation process are to be implemented 
during the investigations for this thesis. PAT-monitoring and later control of the process using 
the sensors is important in particular for this type of formulation. It is assumed that the 
current used end-point determination of granule moisture via loss on drying as well as the 
determination of particle size via sieve analysis can be replaced with real-time-release using 
the in-line technologies. Furthermore it is hypothesized that by utilization of these in-line 
monitoring measurements the production of a stable formulation is possible. 
To achieve the information on the granulation process and the stability of EE, firstly the in-
line sensors are to be installed in the existing fluid bed granulator followed by investigations 
on variations of the granulation process. Hence, the following investigations will be described 
in this thesis: 
1. Investigations on in-line sensors: 
 
 
Particle size 
distribution 
Inlet air temperature Granule moisture 
Critical quality 
attributes 
Key parameters Process 
Drying time 
API- Stability 
 
Spray regime 
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 Investigations on the positioning and configuration of the SFT-sensor for in-line particle 
size monitoring: 
The SFT-sensor for in-line particle size measurement will be tested in different positions 
and configurations in the granulator. It is hypothesized that the measurement is 
influenced by the position of the sensor in the granulator and that the sensor might be 
blocked with substance in single positions. The best position and configuration of the 
sensor for the following investigations is to be defined. 
 Investigations on the calibration of the MRT-sensor for in-line moisture monitoring. 
The sensor will be calibrated based on loss on drying. To this end samples will be drawn 
from granulator during fluid bed granulation of the model formulation. It is assumed that 
the calibration for the granulation process is independent from external influences and 
blocking of the sensor. The determined calibration is to be utilized for the following 
investigations. 
2. Investigations on stability of EE as a function of the granulation process: 
 Investigations on the influence of thermal stress due to a prolonged drying time on the 
stability of EE (drying time). 
The produced granules will be consciously over dried using the standard inlet air 
temperature. Therefore the drug substance is exposed to an increased thermal stress. It 
is hypothesized that the stability of EE is decreased due to a prolonged drying time and 
increased thermal stress. The in-line measured particle size will be decreased due to 
mechanical abrasion. 
 Investigations on the influence of thermal stress due to variations of inlet air temperature 
during the drying step of fluid bed granulation on the stability of EE  
The inlet air temperature during the drying process will be variated. The inlet air 
temperature influences the drying time of the granules in combination with an additional 
thermal stress due to temperature affecting the drug substance. It is assumed that the 
stability of EE is influenced by the drying temperature. In order to develop an effective 
but also mild granulation procedure it is important to be aware of the influence of the 
process parameter drying temperature. 
 Investigations on influences of the contact with filler excipients on stability of EE 
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Firstly binary blends of MCC/EE respectively Lactose Monohydrate/EE will be produced 
and tested for stability of EE. It is assumed that the stability of EE is influenced by the 
particle surface of the used filler substance due to the reaction with Oxygen and 
moisture. 
In the second step EE containing granules will be produced using granulation processes 
with different spraying regimes. These investigations should demonstrate if the surface 
of MCC can be modified to increase the stability of EE in the formulation. Furthermore a 
change in the spraying sequence and the corresponding changes in process parameters 
might influence the stability of EE. 
The following chapters present the results of the investigations. 
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Chapter II 
 
 Materials and Methods 2
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 Materials 2.1
The following tables (Table 2-1 and Table 2-2 and Table 2-3) list the materials used for tests 
evaluated in chapter 5. The tables are assigned to the different investigations. Materials used 
in chapter 3122 and 4123 are described in the corresponding sections of these chapters. 
Table 2-1: Composition of model granules 
 
Table 2-2: Materials for investigation on stability of EE as a function of matrix material and 
particle size with binary mixtures 
Substance Quality Trade name Source 
α -Lactose monohydrate Ph. Eur. Pharmatose 450 M DFE Pharma, Germany 
Microcrystalline Cellulose Ph. Eur. Vivapur 105 
Vivapur 101 
Vivapur 12 
JRS Pharma, Germany 
Ethinylestradiol Ph. Eur. - Bayer AG, Germany 
 
Substance Type of excipient Quality Trade name Source 
Microcrystalline 
Cellulose 
Filler, binder Ph. Eur. Vivapur 101® JRS Pharma, 
Deutschland 
Pregelatinized corn 
starch 
Filler, binder Ph. Eur. Starch 1500 Colorcon, USA 
Corn starch 
 
Filler, binder, 
disintegrant 
Ph. Eur. - Colorcon, USA 
Maltodextrine binder Ph. Eur. Lycatab DSH Roquette, 
Frankreich 
Magnesium stearate Lubricant Ph. Eur. - Peter Greven, 
Deutschland 
Purified Water Solvent for binder Ph. Eur. - JPH 
Ethanol 96 % Solvent for drug 
substance 
Ph. Eur. -  
Ethinylestradiol Drug substance Ph. Eur. - Bayer AG 
     
 Page 43 
 
Table 2-3: Materials for HPLC investigations on degradation products of EE 
Substance/Material Quality Trade name Source 
Acetonitrile Ph. Eur.  LiChrosolv ® Merck Millipore 
Methanol Ph. Eur.  LiChrosolv ® Merck Millipore 
Ammoniumacetat For analysis, Ph. Eur.  EMSURE® ACS Merck Millipore 
Purified water Ph. Eur.  - JPH 
Filter 0,45µm, hydrophile 
PTFE,  
Millex-LCR Filter Merck Millipore 
Working standard 
Ethinylestradiol 
Ph. Eur. - Bayer AG 
Working standard 
Dienogest 
Ph. Eur. - Bayer AG 
Working standard 
9(11)-dehydro-EE 
Ph. Eur. - Bayer AG 
Column RP 18 column with 
hydrophilic endcapping 
(250 x 4.6 mm, 4 µm 
with precolumn) 
Synergi 4 µm Hydro-
RP 80 Å 
Phenomenex 
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 Methods 2.2
The following methods were used for tests evaluated in chapter 5. Methods used for 
investigations in chapters 3122 and 4123 are described in the corresponding sections of these 
chapters. Comparable methods as described in 122 or 123 will be marked in the following 
sections. 
 Stability of EE 2.2.1
2.2.1.1 Analytical detection EE- degradation products123 
The analytical method for determination of degradation products of EE is a validated method 
described in a development test procedure of Jenapharm124. The test was performed 
according to Ph. Eur. 2.2.29. The following table provides an overview on the retention times, 
detection methods and response factors. 
Table 2-4: degradation products of EE (RRT= relative retention time = tR(substance)/ 
tR(standard) 
Substance tR (min) RRT 
(EE) 
Detection Standard Response
-Faktor F 
Ethinylestradiol 23.2 1.00 - - - 
6α-hydroxy-EE 6.8 0.29 Fluor. 
280/310 nm 
EE: Fluor. 
280/310 nm 
1.4 
6β-hydroxy-EE 9.2 0.4 Fluor. 
280/310 nm 
EE: Fluor. 
280/310 nm 
1.7 
6-oxo-EE 11.8 0.51 UV 220 nm DNG: UV 220 nm 22 
9(11)-dehydro-EE 20.8 0.90 Fluor. 
263/343 nm 
9(11)-DH-EE 
263/343 nm 
1.0 
Table 2-5: Chromatographic conditions 
Parameter Specification 
Column: RP 18 with hydrophilic Endcapping 250x4.6 mm, 4 µm 
with pre-column, column temperature 30 °C (e.g. 
Phenomenex Synergi 4µm Hydro-RP 80 Å) 
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Flow rate: 1.2 ml/min 
Mobile phase and gradient: A: water 
B: Methanol/Acetonitrile 65/35 (V/V) 
0 min                             50 % B 
32 min                           70 % B 
37 min                           100 % B 
40 min                           100 % B 
41 min                            5 % B 
44 min                            5 % B 
45 min                            50 % B 
55 min                          Stop 
Column temperature: 30  C 
Detection: UV 220 nm 
Fluorescence: 280/310 nm and fluorescence 263/343 nm  
 Preparation of Solutions 
o Standard solution R1 (0.5 % Dienogest, 0.5 % Ethinylestradiol, 0.5 % 9(11)-
dehydro-EE) 
 Solution RA1: 8.0 mg Dienogest working standard are weighed in 
exactly an dissolved in 100.0 ml solvent B 
 Solution RB1: 2.0 mg EE working standard and 2.0 mg 9(11) DH EE 
working standard are weighed exactly in 100.0 ml solvent B 
 Solution RC1: 3.0 ml solution RB 1 are diluted with solvent B to 
50.0 ml 
 Solution R1: 5.0 ml of solution RA1, 5.0 ml of solution RC 1 and 10 ml 
0.01 M Ammonium acetate solution are diluted with a mixture of 
0.01 M Ammonium acetate solution with solvent B 50/50 (V/V) to 
100 ml 
Two several standard solutions R1_1 and R 1_2 are to be prepared from 
individual initial weights. 
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o Standard solution R2 (0.05 % Dienogest, 0,05 % Ethinylestradiol, 0,05 % 
9(11)-dehydro-EE): 2.0 ml of solution R1_1 are diluted with a mixture of 
0.01 M ammonium acetate solution with solvent B 50/50 (V/V) to 20 ml 
 
o Sample solution P: The amount of sample according to 8 tablets is dissolved 
in 10 ml of a mixture of 0.01 M Ammonium acetate solution with solvent B 
10/90 (V/V) for 20 min in ultrasonic. After shaking the suspension is spun at 
4000 U/min for 10 min. 5.0 ml of the solution is diluted with 5.0 ml of a mixture 
of 0.01 M Ammonium acetate solution with solvent B 90/10 (V/V). The sample 
solution is to be filtered with a 0.45 µm PTFE hydrophilic filter. 
 
o Blind solution BL: A mixture of 0.01 M Ammonium acetate solution with 
solvent B 50/50 (V/V) is to be filtered with a 0.45 µm PTFE hydrophilic filter. 
 System suitability test:  
o The coefficient of variation of the peak areas of 6 injections from R1_1 may 
not exceed 5 % (Chromatograms of Dienogest at 220 nm and EE at 
280/310 nm)  
o The coefficient of variation of the retention time may not exceed 1.0 % (from 6 
injections of R1_1, Chromatograms of Dienogest at 220 nm and EE at 
280/310 nm) 
o The symmetry of peaks must be in between 0.8 and 1.5 (from 6 injections of 
R1_1, Chromatograms of Dienogest at 220 nm and EE at 280/310 nm) 
o The ratio of signal to noise in the chromatograms of solution R2 for Dienogest 
(220 nm) may not be less than 75. The EE- peak (280/310 nm) and the 9(11)-
dehydro EE-peak (263/343 nm) must have a signal-to-noise ratio of at least 
10. 
o The resolution between EE and the 9(11)-dehydro-EE-peak at 280/310 nm of 
solution R1_1 must be at least Rs=4. 
 Calibration:  
o Conditions of detection for the standards (single point calibration): 
 Ethinylestradiol: Fluoreszence Ex 280 nm/Em 310 nm: solutions R1_1 
and R1_2 
 9(11)-dehydro-EE: Fluoreszence Ex 263 nm//Em 343 nm; solutions 
R1_1 and R1_2 
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 Dienogest: UV 220 nm; solutions R1_1 and R1_2 
The 0.5 % reference peak areas of the standards are calculated according to the following 
equation:  
𝐴𝑅 = (𝐴𝑅1 ×
𝐸𝑊𝑇
𝐸𝑊𝑅1
+ 𝐴𝑅2 ×
𝐸𝑊𝑇
𝐸𝑊𝑅2
) ×
100
𝐶𝑠
×
1
2
 
AR   0,5 % reference peak area 
EWT   target initial weight of standard 
AR1, AR2 Mean values of peak areas of the standards in the solutions R1_1 and 
R1_2 
CS   Content of standard [%] 
Determination of specified degradation products of EE 
The amount of degradation products of EE (Table 2-4) are calculated according to the 
following equation. The detection limit is 0.5 % 
𝐺𝐻𝑉𝑈[%] =
𝐴𝑃
𝐴𝑅
× 𝐹 × 0,5 
AR   0,5 % reference peak area 
GHVU   concentration of degradation product [%] 
AP   peak area of the degradation product 
F   response factor 
The evaluation was performed using Chromeleon Version 6.8 SR 6 Build 2491 (Dionex, 
Sunnyvale, USA) respectively manually in MS Excel after calculation of peak areas 
determined from Shimadzu –lab-version –software version 7.3 SP1. 
2.2.1.2 Storage conditions for stability tests 
To investigate the influence of spraying sequence as well as particle size and type of 
excipient on the stability of the drug substance samples were drawn and stored in climate 
chambers at 25 °C/60 % r. h. and 40 °C/75 % r. h. according to Table 2-6. 
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Table 2-6: Storage conditions for investigations of stability of EE 
Test run 
Type of samples and 
packaging 
25 °C/60 % r. h. 40 °C/75 % r. h. 
1. Investigation on the 
influence of spraying 
sequences during 
granulation process 
Tablets, blistered in 
PVC/Aluminium 
4 weeks 
8 weeks 
12 months 
1 week 
4 weeks 
8 weeks 
12 months 
2. Investigations on the 
influence of contact 
with filler excipient 
(binary mixtures) 
Blends filled in glass 
vials tightly closed 
with caps at 
25 °C/60 % r. h., open 
and closed storage at 
40 °C /75 % r. h. 
24 months 1 week 
4 weeks 
8 weeks 
12 weeks 
 
 Fluid bed granulation process of granules122;123 2.2.2
The granulation of the model granules as well as the installation of the sensors was 
performed in a fluid bed granulation GPCG 3.1 (Glatt, Binzen, Germany) as top spray 
procedure. EE was sprayed in the granulator as ethanolic solution followed by the aqueous 
binder solution. The granulation parameters listed in Table 2-7 were used. The product as 
well as the outlet air temperature was monitored during the entire granulation process. 
During the granulation process samples were drawn for off-line determination of moisture 
(LOD) and particle size (Laser diffraction). 
Table 2-7: Standard parameters for fluid bed granulation process (GPCG 3.1) 
Granulation parameters Target value 
Inlet air temperature  70 °C 
Inlet air flow rate 80 m³/h 
Shaking of filters Asynchrone, 5 s shaking, 20 s pause 
Diameter nozzle 1.2 mm 
Spray pressure 2.5 bar 
Spray angle Approx. 24° 
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Granulation parameters Target value 
Product temperature during ethanolic API-
spraying 
30 °C ± 5 K 
Product temperature during binder spraying 30 °C ± 5 K 
Amount of binder and spray rate 68 % of the solution sprayed at a rate of 
50 g/min (1st step) and the residual 32 % 
sprayed at a rate of 30 g/min (2nd step) 
Amount of ethanolic drug substance solution 
and spray rate 
Approx. 461 g drug substance solution; 
approx. 50 g/min 
 
The following section provides a description of tests performed in the fluid bed granulator 
deviating from this standard granulation process. 
 Manufacturing of binary mixtures with the main filler and EE  2.2.3
The binary mixtures (see chapter 5) from EE and MCC respectively EE and Lactose 
monohydrate were produced in a scale of 500 g in the fluid bed granulator GPCG 1 (Glatt, 
Binzen, Germany) as top-spray procedure. In the process the dissolved EE was sprayed on 
the excipient (MCC or Lactose). The processing parameters described in Table 2-8 were 
used. 
Table 2-8: Standard parameters for EE-solution spraying (GPCG 1) 
Granulation parameter Target value 
Inlet air temperature  70 °C 
Inlet air flow 10 % position of valve 
Spray pressure 2.5 bar 
Product temperature during ethanolic API-
spraying 
30 °C ± 5 K 
Spray rate ethanolic drug substance solution approx. 7 g/min (Lactose-mixture),  
approx. 11 g/min (MCC-mixture) 
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 Particle size determination 2.2.4
2.2.4.1 Spatial filtering technology for in-line particle size determination (SFT)122;123 
The in-line particle size determination during fluid bed granulation was performed using the 
IPP-70Se sensor with dispersing cell D 23 (Parsum- Gesellschaft für Partikel-, Strömungs- 
und Umweltmesstechnik mbH, Chemnitz, Deutschland). The sensor is specified for particle 
determination with the range of 50 µm up to 6000 µm. During the fluid bed granulation 
process the sensor was installed in the deceleration zone of the granulator at a high of 
400 mm above the sieve bottom. Data acquisition was carried out with a measurement rate 
of 5000 single values /s. The ring buffer of the analysis software was set to a size of 
10,000 particles. This setting generates an average particle size from at least 
10,000 particles every 10 s. Therefore a gliding distribution with permanently actualized data 
was possible. This means that a single value presented in in the following evaluations was 
determined as a mean value from 10000 single data from the ring buffer. The measured raw 
data was sent to the PC via A/D converter and stored in ASCI format. Further evaluation of 
the data was performed using MS Excel. 
The dispersing cell D23 allows for a constant measurement in a fluid bed with fluctuating 
particle densities. The dispersing cell is feed with inlet air via an external pneumatic device 
and two inlet air supplies: the first inlet air is used for flushing the cell to keep the inlet 
opening of the cell free for particles (external inlet air, rate: 3 l/min, cleaning impulse: every 
30 s). The second inlet air is used for suction and dispersing of particles in the cell (internal 
inlet air, rate: 20 l/min). 
The calibration of the sensor was done every 12 months using the testing device VK1. After 
fixing the sensor in the device pins of a specified size of 150 µm, 1 mm and 2 mm were 
passed through the measuring volume. The calibration was aligned with the measurement 
software. If needed an adjustment was performed. The sensor was installed in the Fluid bed 
granulator as described in tests on installation122. 
2.2.4.2 Off-line particle size determination with laserdiffraction122;123 
The off-line determination of particle size was performed according to Ph. Eur. 2.9.31 with 
laserdiffraction (Helos 1410, Sympatec GmbH, Clausthal-Zellerfeld, Germany). The samples 
were dry dispersed with pressurized air using Rhodos/M (Sympatec) as dry dispersing unit in 
combination with Vibri vibratory feeder (Sympatec). The optical density during measurement 
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was 5 %. The mathematical evaluation of the data was performed according to Fraunhofer-
theory. Each sample was measured three respectively six times. The particular number is 
mentioned with the results. 
 Moisture determination 2.2.5
2.2.5.1 MWR technology for in-line moisture determination (MRT)123 
In-line moisture determination was carried out using the sensor hydorpharm fbma mini 
(Döscher & Döscher GmbH, Hamburg). The measuring principle and the construction of the 
sensor are described in116 and125. The sensor is a so called stray field sensor consisting of 
aluminum oxide (Al2O3) with a cylindrical ceramic ring set in metal (Figure 2-1). Resonances 
are excited if an integer number of full wavelengths fits along the circumfence of the ring116. 
Their electric fields are polarized tangentially to the upper open surface in the radial 
direction116. The stray fields of the resonances extend into the outer space up to a high of 
approx. a quarter wavelengths in the dielectric. This means that depending on the used 
wavelength a sinusoidal distribution arises in the area of the ceramic ring as mentioned in 
Figure 2-2. The resonator works with a lower frequency of 1 GHz and can be adjusted by the 
high of the ring. 
Influences of temperature on the measurement can be compensated by using Al2O3  and the 
use of a second resonator in the middle of the sensors for monitoring of the temperature125. 
Therefore a temperature calibrating curve can be recorded to eliminate the influences of 
temperature on the measurement result. 
 
Figure 2-1: Setting of the stray field resonator; a) upper site of the resonator, b) lower site of 
the resonator c) schematic profile of the sensor116 
 Page 52 
 
 
Figure 2-2: Distribution of the electric field on the resonator. Areas of high field intensity are 
marked dark116 
The sensor has a diameter of 60 mm. The measurement frequency was used at 2.5 GHz. 
The sensor was installed in the product container of the fluid bed granulator GPCG 3.1 at a 
high of 120 mm above the sieve bottom in the product container of the granulator (same 
height as the sampler for off-line determinations) and was always covered with product. The 
measurement was done every 10 s. additionally manually triggered measurement results 
were collected during sampling for off-line moisture determination (LOD) in order to calibrate 
the sensor. 
The sensor was calibrated during granulation of three test-batches (see chapter 4123). The 
off-line generated data on LOD of these batches were used as reference values. 
2.2.5.2 Off-line moisture measurement123 
The off-line determination of loss on drying of the samples drawn during the granulation 
process was performed according to Ph. Eur. 2.2.32 using the halogen dryer HR 73 (Mettler-
Toledo GmbH, Gießen, Germany). Each sample (m0 = 5 g) was dried for 10 min at 100 °C. 
After drying the mass was determined as m1. Loss on drying could be calculated according to 
the following equation:  
𝐿𝑂𝐷 [%] = (1 −
𝑚1
𝑚0
) × 100 
 Tabletting123 2.2.6
The tabletting of the granules was performed using the rotary tablet press XL 100 (Korsch 
AG, Berlin, Germany) with a main pressure force of 5 kN and a rotation speed of 40 rpm. The 
pre-compression force could not be separately adjusted but was monitored as well as the 
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main pressure force and the ejection force during the process. 12 round dies with a diameter 
of 5 mm and a convexity radius of 4 mm were used. 50 mg tablets were produced. 
 Specific surface area determination 2.2.7
The specific surface area was determined according to Ph. Eur. 2.9.26 using MONOSORB 
(Quantachrome Instruments, Boynton Beach, USA) with the single point method. Nitrogen 
was used as adsorbate. 
 Statistical evaluations 2.2.8
The statistical analysis was performed as described in chapter 4123. Results are presented as 
means ± standard deviations. Statistical analysis were performed using one way ANOVA 
analysis followed by Tuckey HSD test using SPSS software (version 21, IBM, Armonk, NY, 
USA). Values of p < 0.05 were considered statistically significant.  
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 Introduction 3.1
The implementation of process analytic technology (PAT) is recommended by the ICH Q8 
guideline and the PAT-approach by the FDA to establish understanding of the critical 
process parameters (CPP) of a pharmaceutical manufacturing process. Suitable 
technologies should be used to monitor critical quality attributes (CQA) for rational process 
design and process control3;4. 
Granulation is a key manufacturing step in the production of tablets. The resulting granule 
particle size critically influences powder flow rate, blend uniformity and tablet properties such 
as crushing strength, average mass and friability17;65-67. For these reasons and to optimize 
energy consumption and process time, the implementation of PAT to monitor particle size 
during granulation processes is desirable. In the last few years several new in-line 
technologies have been developed to monitor the particle size as a CQA during the 
granulation process. In-line particle size measurement became possible by implementation 
of near infra-red spectroscopy (NIRS) as early as 1996110 but in the past few years some 
follow-up studies have been published that reveal two major problems of the method84;107. 
Firstly, a large amount of data is needed to calibrate the sensor and secondly, reflections on 
particles or granules that adhere to the measuring window may cause measurement 
failure111. 
Recently, the spatial filtering technology (SFT) was described as a new in-line particle size 
analysis method that can be used in the fluid bed granulation process93;97;99;126. The 
advantage of this method is that no calibration of the sensor with the actual product is 
necessary. The sensor which analyses particle velocity and impulse in a fiber optic array to 
calculate particle cord length allows for a direct in-line and real time determination of the 
particle size distribution (Figure 3-1 A). The manufacturer (Parsum, Chemnitz, Germany) 
specifies the measurement range from 50 µm to 6000 µm. 
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Figure 3-1 SFT-Sensor (Parsum). A) Overview of the sensor assembly B) Schematic 
illustration of the measurement principle of the modified spatial filter technology 
In order to validate particle size analysis by SFT, Petrak compared measurement outcomes 
with off-line results of laser diffraction88. He demonstrated that the SFT-sensor provided 
reasonable particle size data for spherical glass beds with x50 = 100 µm, but revealed that 
typically the SFT sensor provided smaller particle size than laser diffraction and coulter 
counter. In spite of these differences in absolute particle size, the sensor can be used as a 
tool to reflect relative changes in particle size and hence monitor particle size development 
during a granulation process94;99. 
Several studies already discussed the use of an SFT-sensor for in-line monitoring of particle 
size during a fluid bed granulation process94;96;101. None of these studies, however, described 
the effects of sensor position and configuration on the measurement outcome. Schmidt-Lehr 
mentioned tests for optimization of the sensor position and configuration but no details 
concerning the instrumental set-up have yet been provided99. Burggraeve, however, 
mentioned that the position of the sensor in the granulator has to be considered due to 
influences of segregation effects on the measurement results26. 
In this study we investigated the influence of sensor position in the fluid bed granulator on 
particle count rate and average particle size. To this end, we generated two different probe 
positions in the granulator, one in the conical product container and one in the deceleration 
A) B) 
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zone below the spraying nozzle. We tested different probe configurations (insertion depth 
and degree of rotation) in either position (Figure 3-2). 
 
Figure 3-2: Scheme of the GPCG 3.1 granulator and the sensor position and insertion depth 
during in-line measurement. 
In general, installation of the sensor in the deceleration zone involves the risk of 
overweighing small particle sizes due to possible segregation processes in the fluid bed93;127. 
On the other hand, measurement in the product container might be influenced by clogging 
effects of the sensor. To distinguish between these effects, we determined count rates as a 
measure for particle interactions besides the particles size distributions that were compared 
to data from laser diffraction. Particle size distributions of two microcrystalline celluloses were 
investigated; Vivapur 101 with a declared particle size (x50) of 65 µm and Avicel PH102 with 
an x50 of 100 µm. Especially, Vivapur 101 is an excipient of interest as it is increasingly 
considered as an alternative for lactose in formulations.In order to verify the results of the 
configuration experiments, a granulation process of a model-placebo-formulation was 
monitored with the optimized configuration of the probe. The in-line results were compared 
with off-line laser diffraction data. 
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 Materials and Methods 3.2
 Materials 3.2.1
Different specialties of microcrystalline cellulose (MCC) with different particle size 
characteristics, namely Vivapur® 101 (JRS Pharma, Rosenberg, Germany) and Avicel PH 
102 (FMC BioPolymer, Philadelphia, USA), were used in this study Both MCC grades 
maintained their average particle size and size distribution during fluidization as confirmed by 
off-line laser diffraction data. 
Corn starch, pregelatinized corn starch, maltodextrin and magnesium stearate were obtained 
from Colorcon (USA), Roquette (France) and Peter Greven (Germany). 
 Fluidizing of MCC in the fluid bed granulator 3.2.2
In order to test the sensor position in the granulator 3 kg of MCC were fluidized in a GPCG 3 
granulator (Glatt GmbH, Binzen, Germany). The rate of the inlet air flow (v/t) was kept 
constant at 80 m³/h for all experiments in this study. The inlet air temperature was 
maintained between 30 °C and 35 °C. 
 Granulation 3.2.3
In a proof of concept experiment, a mixture (4.5 kg) of MCC (Vivapur 101), corn starch and 
pregelatinized corn starch was granulated using an aqueous maltodextrin solution. The 
granulation was monitored with the SFT sensor in the deceleration zone (11 cm, 45° right). 
The aqueous binder solution was sprayed in phase1 with a rate of approximately 50 g/min 
and in phase 2 with a rate of approximately 30 g/min. The air flow was maintained at 80 m³/h 
and the inlet air temperature at 70 °C. Finally, magnesium stearate was added to the 
granules. 
 In-line particle size determination with SFT 3.2.4
The spatial filtering technology is based on the examination of particle velocity and impulse 
time on a spatial filter (Figure 3-1 B). Particles transported through the array of parallel laser 
beams in the measuring volume by laminar air flow generate a moving shadow on the fiber 
optic array (spatial filter) that causes a signal with the frequency (f0) on the fiber optic array 
and an impulse on the individual fiber. The particle velocity (vp) can be calculated from the 
frequency (f0), the interval of the spatial filter (g) and the magnification of the imaging system 
(M), as follows88;90: 
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𝑣𝑝 = 𝑓0 × 𝑔 𝑀⁄   (Equation 1) 
The chord length (x) of the particle can then be determined from the impulse time (Δt) at the 
individual fiber, the particle velocity (vp) and the diameter (d) of the optical fiber according to 
the following equation: 
𝑥 = 𝑣𝑝 × ∆𝑡 − 𝑑  (Equation 2) 
In this study, a IPP-70 Se SFT-sensor (Parsum Gesellschaft für Partikel-, Strömungs- und 
Umweltmesstechnik mbH, Chemnitz, Germany) was utilized in combination with a dispersing 
cell D23 (Parsum). The ring buffer of the analysis software was set to a size of 10,000 
particles. This setting generates an average particle size from at last 10,000 particles every 
10 seconds. The measured raw data was sent to a PC via A/D converter and stored in ASCII 
format for processing with Microsoft Excel. 
 Investigated configurations of the SFT- sensor  3.2.5
The SFT-sensor was installed in two different positions, the lower sensor position which was 
located 120 mm above the sieve bottom in the product container and the upper sensor 
position, which was located 400 mm above the sieve bottom ) in the deceleration zone of the 
granulator as shown in Figure 3-2. 
In each of the two positions the sensor was installed at three different insertion depths 
(measured as the distance between the tip of the probe and the granulator wall in 
centimeters) (Figure 3-2). As additional parameter, the rotation angle of the probe was varied 
stepwise in 45° increments, with 0° representing the position with the dispersing cell pointing 
up and the measuring volume in vertical direction as illustrated in Figure 3-1 A. The 
combination of three insertion depths and 8 rotation angles resulted in 24 probe 
configurations for each of the two positions. Table 3-1 decodes the experiment numbers and 
corresponding configurations. 
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Table 3-1: Number codes for the different applied configurations of the SFT-sensor 
Angle/Direction Insertion depth 
5 cm 8cm 11 cm 
    
+135° (right) 1 9 17 
+90° (right) 2 10 18 
+45° (right) 3 11 19 
0° (vertical) 4 12 20 
-45° (left) 5 13 21 
-90° (left) 6 14 22 
-135° (left) 7 15 23 
180° 8 16 24 
 
In each configuration, three independent analyses were performed with Vivapur 101. The 
experiments with Avicel PH 102 were repeated in duplicate. The MCC was replaced prior to 
each run. In each experiment, the powder was fluidized and particle size was recorded by 
the SFT-sensor. By means of the particle rate counting, the time until the ring buffer of the 
SFT-sensor was filled with the data of one configuration was determined. Once the ring 
buffer was filled with data of the new configuration the measurement started. During 
measurement, a sample of fluidized MCC was taken via the product sampler (Figure 3-2) for 
off-line particle size analysis (laser diffraction). In all configurations the dispersing cell D23 
was operated at a constant internal air flow of 20 l/min and external air flow of 3 l/min as 
recommended by the manufacturer 
 Off-line particle size determination with SFT 3.2.6
Control measurements were performed with the SFT-sensor and the D23-dispersing cell 
installed in a fitting with an angle of 0° on a laboratory desk. The air-settings in the dispersing 
cell were adjusted according to the in-line measurements. The material (Vivapur 101 or 
Avicel PH 102) was fed into the dispersing unit using a vibratory feeder. 
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 Off-line determination of particle size by laser diffraction 3.2.7
The off-line particle size was determined by laser diffraction using a Helos H1410 (Sympatec 
GmbH, Clausthal-Zellerfeld, Germany). The MCC was dispersed using Rhodos/M 
(Sympatec) as dry dispersing unit in combination with Vibri vibratory feeder (Sympatec). 
Each sample was measured six times. 
 Statistical evaluations 3.2.8
All data were tested for normal distribution using the test of David with a significance level of 
α = 0.05. Statistical analyses were performed using one-factorial ANOVA, t-test and Tukey's 
test with a significance level of α = 0.05. 
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 Results and discussion 3.3
  Experiments with Vivapur 101 3.3.1
The particle flow rate in the measuring volume of the SFT-sensor was determined as the 
main parameter to evaluate the different sensor configurations (Figure 3-3 A). A high flow 
rate correlates with a high number of particles passing the measurement window and 
indicates a low number of unwanted events, such as temporary clogging of the sensor or 
impaired particle flow. Average particle count rate in all measured sensor configurations 
located in the deceleration zone was comparably high (5790/s; srel = 8 %) and almost 
independent of the sensor depth and rotation (Figure 3-3 A). The highest particle rate and 
the smallest variations was found for configurations +90° right to -90° left at an insertion 
depth of 11 cm. Average particle count rate in the product container (lower position), 
however, was significantly lower (2898/s; srel = 27 %) (Figure 3-3 A). Furthermore, particle 
rates determined in different probe angles showed a considerable relative standard deviation 
and a strong influence on the position angle. Reduced count rate and high standard 
deviations could be explained by a low or interrupted particle flow through the measuring 
volume. In the product container particle count rates similar to those found in the upper 
position were found when the sensor configuration was +90° right (5 cm),-90° to -135° left 
(5 cm), 180° (5 cm), and + 90° right (11 cm). 
Particle sizes (Figure 3-3 C) determined in the lower position at increasing rotation angle 
fluctuated between 70 µm and 83 µm forming a sine-shaped curve. This illustrates that the 
particle size determined, depended on sensor configuration when the sensor was positioned 
in the product container (lower position). Particle sizes determined in the upper sensor 
position, however, were less sensitive to the sensor configuration. We found x50-particle sizes 
between 73 µm and 77 µm (Tab. 2) with low relative standard deviations within ±2 %. 
For the tested Vivapur 101-model both, particle rate and x50 particle size data, pointed 
towards the upper sensor position in the deceleration zone of the granulator as the preferred 
position for robust particle size determination. 
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A) 
 
B) 
 
C) 
 
D)
 
Figure 3-3: Particle rate (A and B) and average particle size (x50) (C and D) as determined 
with SFT in the upper and lower position of a fluid bed granulator sensor depending on 
sensor configuration (rotation angle and insertion depth according to Table 3-1) A) Particle 
rate of Vivapur 101 in the upper and lower sensor position as a function of insertion depth 
and rotation (Mean of n=3 measurements) B) Particle rate of Avicel PH102 in the upper and 
lower sensor position as a function of insertion depth and rotation (single data from two 
different measurements) C) Particle size of Vivapur 101 in the upper and lower sensor 
position as a function of insertion depth and rotation (Mean of n=3 measurements) D) 
Particle size of Avicel PH102 in the upper and lower sensor position as a function of insertion 
depth and rotation (single data from two different measurements) 
 Model Avicel PH 102 3.3.2
Generally, initial particle size may affect the spatial distribution of the fluidized particle bed in 
the granulator at a given inlet air flow rate. In consequence, the preferred sensor position 
may also depend on the product particle size. In order to evaluate this parameter, a different 
MCC specialty, Avicel PH 102, which is characterized by an increased average particle 
diameter, was tested at the previously applied air flow rate. 
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Two test runs were performed in the upper and lower sensor position. Individual data from 
the test runs with the corresponding standard deviations are shown in Figure 3-3 B and 
Figure 3-3 D. In agreement with the data obtained for Vivapur 101, we found higher particle 
count rates in the upper (5371/s; srel = 14 % and 6011/s; srel = 11 %) than in the lower 
(1978/s; srel = 37 % and 2233/s; srel = 39 %) sensor position. While particle rate in the lower 
position was rather independent from the sensor angle at 5 cm (approximately 2000/s), 
variations in particle rate (600/s to 3800/s) were observed with increased sensor distances 
from the granulator wall. 
Figure 3-3 D presents the in-line measured x50 particle sizes obtained in the tested sensor 
positions for Avicel PH 102. Particle size data could be reproduced within narrow ranges. In 
the upper sensor positions, the particle sizes slightly fluctuated between 68 µm and 72 µm 
depending on the sensor configuration (depth, rotation). The largest average size was 
measured in configurations 90° left and 90° right. Similarly, the experiments in the lower 
sensor position led to consistent results ranging between 80 µm and 86 µm at a sensor depth 
of 5 cm. Larger variations (70 µm to 85 µm) were obtained when the sensor position was 
rotated at a sensor depth of 8 cm and 11 cm. 
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A) 
 
B) 
 
C)
 
 
Figure 3-4: Particle size cumulative distributions as determined in the upper and lower 
sensor position as well as off-line for Vivapur 101 and Avicel PH102. A) In line measured 
particle size distribution of Vivapur 101 as obtained by SFT-sensor in the upper and lower 
sensor position B) In line measured particle size distribution of Avicel PH 102 as obtained by 
SFT-sensor in the upper and lower sensor position C) Off-line measured particle size 
distribution of Vivapur 101 and Avicel PH 102 as obtained by laser diffraction and SFT-
sensor  
Particle size data determined for Avicel PH 102 (Figure 3-3 D, Figure 3-4 B) was more 
dependent on sensor position than for Vivapur 101. Overall, we observed a systematically 
decreased particle size in the upper sensor position as compared to the lower position. This 
is indicative of a size-dependent particle segregation in the fluid bed, which has been 
previously described by others128;129. Segregation of Avicel PH102 in the granulator was 
allowed as the air inlet rate was not changed between the experiments and visualized by the 
cumulative particle size distribution recorded in both positions: However, even in the lower 
position, where no segregation is expected, average particle sizes of Avicel PH 102 differed 
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from the manufacturer’s specification (100 µm). In order to investigate the origin of these 
deviations in absolute particle size, we determined off-line particle sizes of Avicel PH 102 by 
laser diffraction and also SFT (Figure 3-4 C). The values obtained by these measurements 
were in better agreement with the specification. Nevertheless, a difference between the 
diffraction data and SFT values was apparent, which is attributed to the inability of the SFT 
probe to analyse particles smaller than 50 µm. At larger particle sizes (above 90 µm), 
however, the size distribution curves measured by SFT and laser diffraction superimposed. A 
systematic problem during in-line particle size measurement, such as segregation, can 
therefore be easily detected by comparing in-line SFT data and off-line laser diffraction data 
and avoided during setup qualification. 
 A closer look at the sensor configuration (model Vivapur 101) 3.3.3
We could show that under suitable fluid bed conditions the upper sensor positions are more 
reliable than the lower sensor positions. Therefore a more detailed investigation and 
statistical analysis of the sensor configuration with regard to sensor depth and rotation was 
performed for the upper sensor positions (Figure 3-3, Table 3-2). The average particle sizes 
determined at a sensor depth of 8 cm and 11 cm were more homogenous at the investigated 
rotation angles than at a distance of 5 cm (Table 3-2). A one-factorial ANOVA of all 
configurations at a specific insertion depth revealed no significant differences between the 
different rotation angles. The average particle sizes at 11 cm and 5 cm differed significantly. 
The mean value measured at 8 cm was not significantly different from either the value at 
5 cm or at 11 cm. Nonetheless, smallest standard deviations were determined at the angles 
+45°, 0° and -45° at the a depth of 11 cm. The vertical position, 0°, however, may be 
sensitive to gravimetric particle flow and clogging by particle aggregates that sediment on the 
sensor inlet. The configuration 0° was therefore not considered reliable to analyze 
granulation processes. We would rather recommend an angle of 45° right (configuration 19). 
In this setting the fluctuation in particle rate was also fairly small (Figure 3-3 A). 
Table 3-2: Particles size mean values (MV single) and standard deviations (SD single) for 
sensor configurations in the upper sensor position (n=3); particle size ranges, particle size 
mean values and standard deviations for each depth calculated from MV single- values. 
Depth Angle MV single SD single Range MV SD 
5 cm +135° (right) 75.31 1.6 3.9 74.8 1.9 
+90° (right) 76.59 1.12 
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Depth Angle MV single SD single Range MV SD 
+45° (right) 73.84 1.04 
0° (vertical) 73.94 0.94 
-45° (left) 72.65 0.78 
-90° (left) 74.3 2.99 
-135° (left) 75.84 2.31 
180° 75.99 1.18 
8 cm +135° (right) 76.14 2.11 2.5 75.3 2.1 
+90° (right) 76.71 2.85 
+45° (right) 74.44 1.05 
0° (vertical) 74.88 0.84 
-45° (left) 74.22 2.15 
-90° (left) 74.17 3.25 
-135° (left) 75.78 2.91 
180° 76.2 1.54 
11 cm +135° (right) 75.47 1.14 2.5 75.6 1.8 
+90° (right) 76.96 2 
+45° (right) 74.92 1.42 
0° (vertical) 75.82 0.81 
-45° (left) 74.46 1.62 
-90° (left) 74.84 2.73 
-135° (left) 76.43 2.41 
180° 75.57 2.06 
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In order to explain why particles size analysis in the upper position is more robust at 11 cm 
than at 5 cm, air velocities in the different horizontal positions (5 cm to 11 cm) in the fluid bed 
granulator were determined using a vane anemometer. The design of the granulator 
generated zones of different inlet air speeds in the granulator. We found high airflow close to 
the granulator wall which decreased with increasing distance from the granulator wall. While 
considerable inlet air flow was detected at a depth of 5 cm, no air flow was found at a 
distance of 6 cm or more in an empty granulator. We assume that inlet airflow close to the 
granulator wall may have interfered with particle transport in the sensor at this insertion 
depth.  
In summary, in-line particle size measurement in the upper sensor position at a depth of 
11 cm was possible for the test substance Vivapur 101 and resulted in reliable results with 
low variability (Table 3-2, Figure 3-3 A and Figure 3-3 C). 
 Influence of sensor configuration during a model granulation process 3.3.4
In order to test if the optimized setting would also be appropriate to monitor a granulation 
process, we compared in-line particle size data with off-line laser diffraction data during a 
granulation process of a placebo formulation consisting of Vivapur 101. Particle size was 
monitored by the SFT-sensor positioned in configuration 11 cm, 45° right. Figure 3-5 A 
shows the results of the in-line monitored x50 particle size during the granulation process. The 
observed profile of our model granulation process can be divided into 4 phases: 
Initially the excipients were pre-warmed to product-temperature of 36 °C (measuring points 0 
– 100). In the following first granulation phase the binder-solution was sprayed into the 
granulator using a high spraying rate in order to obtain rapid granule formation and particle 
growth (measuring points 100 - 200). The subsequent plateau phase (measuring points 200 - 
300) was achieved by reducing the spraying rate. This phase is necessary to maintain 
granule particle sizes but allow for granule size consolidation by drying. In the last step the 
granules are dried (past measuring point 300). 
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A) 
 
B) 
 
Figure 3-5: Particle size profile measured during a model granulation process. A) In-line 
particle size x50 obtained at sensor position 11 cm, 45° right (position 19) as a function of the 
granulation process B) In-line (SFT) and off-line (Laser) measured particle size x10, x50 and 
x90 at sensor configuration 11 cm, 45° right (Position 19) as a function of process time 
The product temperature was used as stopping criterion for the drying process. Figure 3-5 B 
compares particle sizes determined in-line and off-line during granulation. It illustrates that 
particle sizes measured with the Parsum probe met the data determined off-line with laser 
diffractometry concerning x50 and x90. This shows that also broader particle size distributions, 
as found during a granulation process, can be correctly monitored by SFT in the upper 
position. Due to the detection cutoff of the SFT probe at 50 µm, x10 and x50 values in the 
beginning of the granulation process differed significantly from the laser diffraction data. 
Higher x90 values determined by SFT compared to laser diffraction at the end of phase 2 and 
beginning phase 3 may be attributed to a decrease in humidity when samples are taken and 
transferred to the off-line LD equipment and are therefore considered as artifact of the off-line 
process. 
In summary, the SFT probe was able to monitor the granulation process in-line. Data of both 
methods were in very good agreement for x50 and x90. This, however, is true for our 
comparably fine granules. Selected positions need to be revalidated for coarser granules and 
other equipment. 
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 Conclusion 3.4
We showed that SFT sensor position in a fluid bed granulator as well as insertion depth and 
rotation angle have a relevant influence on the determined particles size and reliability of in-
line particle size measurement. For the tested model Vivapur 101, we could demonstrate that 
the installation of the sensor in the deceleration zone of a granulator is recommended to gain 
high particle rates and reproducible data. In the upper position, the optimal sensor 
configuration (sensor installation depth and rotation angle) was determined by statistical 
analysis of the particle size data. We showed segregation for a coarser powder, Avicel PH 
102, fluidized under the same conditions as Vivapur 101. Segregation led to smaller particle 
size results in the deceleration zone than in the product container. We therefore strongly 
recommend validating in-line particles size measurements with off-line laser diffraction when 
new formulations are involved. 
In general, placement of the sensor in the deceleration zone appears to be reasonable as 
long as a non-sorting fluid bed exists. The results also show that configuration of the Parsum 
sensor within the fluid bed granulator has to be qualified with care. We were able to follow a 
model granulation process with the identified sensor configurations in the deceleration zone. 
Particles sizes determined by the Parsum sensor correlated well with the off-line 
measurement and laser diffraction data. This study provides a general positioning layout for 
SFT sensor qualification that can be adapted to each individual model-system with its 
specific characteristics, such as inlet air-flow pattern, powder bed position as well as particle 
size and nature of the material to be granulated. 
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 Introduction 4.1
Ethinylestradiol (EE) is the most commonly used estrogene substance in hormonal oral 
contraceptives1. Homogenous drug distribution and stability in the formulation must be in 
focus during development of formulations containing the highly active and low dosed 
compound. EE is prone to oxidative degradation, which is accelerated with temperature31 or 
by photocatalysis36. Autocatalysis activated by the phenyl-ring is assumed as mechanism for 
the oxidative degradation27;35 leading to the main-degradation products 6-alpha-hydroxy-EE, 
6-beta-hdroxy-EE, 9(11)-dehydro(DH)-EE, and 6-oxo-EE29-31 (Figure 4-1). To date, published 
data on EE stability mainly addressed environmental questions, i.e. removal from 
wastewater, whereas little data is available on the stability of EE in pharmaceuticals. 
OH
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Ethinylestradiol
OH OH
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Figure 4-1: Main degradation products of EE 
The most frequently used dosage forms for application of oral contraceptives are film-coated 
and sugar-coated tablets. Fluid-bed granulation is an important process-step in the 
manufacture of such dosage forms. During fluid bed granulation, EE is exposed to high 
temperature as well as increased humidity, both of which accelerate API degradation in 
general38;40. Particle size and humidity in the granules are critical quality attributes for the 
subsequent processing of the granules and drug stability. Particle size of the resulting 
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granules is another crucial parameter influencing flow rate, blend uniformity as well as tablet 
properties like crushing strength, average mass, friability and dissolution17;66. Crushing 
strength and disintegration also depend on granule moisture54 that, on the other hand, might 
negatively influence API stability40;42. Water catalyses the oxidative degradation of API by the 
formation of water layers around drug crystals and particles that may increase the mobility in 
the solid state and result in more interactions of the API with oxidation-initiators39. 
Control of the key properties granule moisture and particle size during the granulation 
process, especially when monitored in-line, is therefore an important component of process 
development and required by the ICH guidelines3;4. Moreover, in comparison to off-line or 
equilibrium determination of relative humidity over the granules, in-line process control may 
accelerate the granulation process considerably. 
The residual moisture of the granules can be determined in different ways. Currently, a 
standard procedure for moisture assessment is to draw a sample to determine the loss on 
drying (LOD) off-line when a pre-defined outlet-air- temperature is reached in the granulator. 
In order to realize the guidelines, several publications describe the measurement of granule 
moisture using Near-infrared (NIR)-sensors in combination with multivariate data 
analysis107;109. The advantages of the NIR-measurement (e.g. measurement independent 
from process variables) are accompanied by some disadvantages (e.g. complexity of particle 
properties to the spectrum) as discussed in several publications83;108-110. An alternative in-line 
moisture-measurement technology is the microwave resonance technology (MRT). This 
technique has already been described for the in-line monitoring of the granulation111;112 and 
drying process118 using this new method. The technology is based on the alignment of the 
water-dipole-molecules in the electromagnetic field of a resonator and the measurement of 
the loss in energy due to the turn-around and alignment of the water-molecules. Due to a 
calibration without chemometrics and a bulk-density-independent measurement, this 
technology is a promising tool. 
The aim of this study was to investigate the influence of the drying conditions after fluid bed 
granulation on the stability of EE. To this end, we varied the granulation process parameters 
‘drying time’ and ‘process air temperature’ in order to adjust the granule moisture (test run 1) 
and thermal stress (test run 2) during processing (Figure 4-2). We implemented and 
investigated PAT to monitor the granulation process in-line in order to control the process 
parameters of fluid bed granulation and hence EE stability according to the ICH guideline Q8. 
In-line particle size determination was performed using the SFT sensor according to122. For 
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in-line granule moisture assessment a microwave resonance sensor was used and validated 
by off-line LOD measurements. 
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Figure 4-2: Fluid bed granulation- varied key-parameters of the drying process and critical 
quality attributes of the product. 
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 Materials and methods 4.2
 Materials 4.2.1
The model-formulation contained EE as API (Bayer, Germany) and microcrystalline cellulose 
(JRS Pharma, Germany) as filling agent. Corn starch, pregelatinized corn starch, 
maltodextrin and magnesium stearate were obtained from Colorcon (USA), Roquette 
(France) and Peter Greven (Germany), respectively. 
 Methods 4.2.2
4.2.2.1 Granulation process 
The granulation process was performed in a fluid bed granulator in batches of 5 kg 
(GPCG3.1, Glatt, Binzen, Germany). The granulator was equipped with inlet-, outlet and 
product-temperature sensors as well as in-line sensors for measurement of granule moisture 
(MRT-Sensor) and granule- particle size (SFT-Sensor). 
EE was sprayed in the granulator as ethanolic solution followed by the aqueous binder 
solution. A portion of 68 % of the solution was sprayed at a rate of 50 g /min (1st step) and 
the residual 32 % were sprayed at a rate of 30 g/min (2nd step). The inlet-air temperature in 
the standard-process was set to 70 °C.  
In test run 1 the influence of the granule drying time on the stability of EE was investigated. 
For this test the produced granules were dried up to 30 min in the fluid bed granulator. 
During the drying process, samples were drawn every 5 minutes to determine loss-on drying 
(LOD) and the particle size off-line. After 0 min, 15 min and 30 min samples were additionally 
collected and stored under defined conditions in order to quantify EE degradation products. 
During this test-run, the granules were consciously over-dried to investigate the influence of 
extreme manufacturing conditions on the product. 
In test run 2 the drying process inlet-air temperature was varied: 3 batches were dried at the 
standard inlet temperature of 70 °C, 3 batches were dried at 50 °C and 3 more batches at 
90 °C inlet-air temperature. The stop-criterion was set at in-line measured granule moisture 
of 6 %, which correlated with a LOD of 6 to 7 %. Due to the different inlet-air temperatures 
during the drying process the drying time of the granules varied during the test runs. 
Granules were analysed for the main chemical degradation products of EE: 6-alpha-hydroxy-
EE, 6-beta-hdroxy-EE, 9(11)-dehydro(DH)-EE, and 6-oxo-EE. 
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4.2.2.2 In-line-measurement of particle size distribution 
The in-line particle size was determined using the SFT-sensor IPP-70 Se (Parsum 
Gesellschaft für Partikel-, Strömungs- und Umweltmesstechnik mbH, Chemnitz, Germany) 
according to the settings described previously122. The sensor was installed in the 
deceleration zone of the granulator at a height of 400 mm above  
4.2.2.3 In-line-measurement of product moisture 
The in-line-measurement of product moisture was carried out using microwave-resonance-
technology (MRT, Hydorpharm C32, Döscher&Döscher GmbH, Hamburg, Germany). During 
test run 1, the sensor system was calibrated on the basis of the in-line measurement of the 3 
produced batches. The off-line generated data on LOD of the batches were used as 
reference values. The MRT sensor was installed 120 mm above the sieve bottom in the 
product container of the granulator (same height as the sampler for off-line determinations) 
and was always covered with product. 
4.2.2.4 Off-line measurement of particle size distribution 
The off-line particle size by laser diffraction was determined using a Helos H1410 (Sympatec 
GmbH, Clausthal-Zellerfeld, Germany). The samples were dispersed using Rhodos/M 
(Sympatec) as dry dispersing unit in combination with Vibri vibratory feeder (Sympatec). 
Each sample was processed at least three times. The mean value of the data was 
determined for each batch.  
4.2.2.5 Off-line determination of granule moisture 
The granule moisture was determined as loss on drying using the halogen moisture analyser 
HR 73 (Mettler-Toledo) with a 5 g sample at 100 °C, 10 min measuring time. 
4.2.2.6 Processing of granules: 
4.2.2.6.1 Test run 1: 
In order to investigate granules taken from one drying process at different times, only small 
samples sizes, sufficient for off-line determination of particles size, loss of drying (LOD) and 
for storage in controlled climate to investigate EE stability were drawn. Due to the limited 
sample size no tableting was performed with these samples. Moreover, the material 
achieved after 30 min drying time showed extremely low residual moisture and was therefore 
considered as over dried. Hence, the tableting of this material was not possible. 
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4.2.2.6.2 Test run 2: 
The achieved granules from test run 2 were compressed to 50 mg tablets using a rotary 
tablet press (Korsch XL 100, Berlin, Germany, Force of pressure 5 kN). 
4.2.2.7 Stability tests on Ethinylestradiol 
To investigate the influence of the drying time on the stability of the drug substance, samples 
of the granules were drawn in test run 1 after 0, 15 and 30 minutes during drying process via 
the sampler of the granulator. 240 mg of these samples were filled in glass-vials, tightly 
closed with caps and stored at 25 °C/60 % r.h. and 40 °C/75 % r.h. 
The produced granules from test-run 2 were tableted. The achieved tablets were blistered in 
PVC/Aluminium and stored at 25 °C/60 % r.h. and 40 °C/75 % r.h. according to Table 1. 
Table 4-1: Storage time at climates 
Test run 25 °C/60 % r.h. 40 °C/75 % r.h. 
1. Investigation of the influence of drying time 
1 week 
3 weeks 
8 weeks 
24 months 
1 week 
3 weeks 
8 weeks 
12 weeks 
2. Investigation of the influence of inlet-air 
temperature during the drying process 
4 weeks 
8 weeks 
1 week 
4 weeks 
8 weeks 
12 months 
 
4.2.2.8 Investigation on degradation products of EE 
Figure 1 presents the degradation products of EE. The drug substance undergoes mainly 
oxidative degradation. The main products of this process are 6-oxo-EE, 6β-hydroxy-EE, 6α-
hydroxy-EE und 9(11)-dehydro-EE29-31. 
These degradation products were quantified in all samples using HPLC (Shimadzu). The 
HPLC set- up consisted of a RP 18 column with hydrophilic endcapping (250 x 4.6 mm, 4 µm 
with precolumn, column temperature 30 °C, e.g. Phenomenex Synergi 4 µm Hydro-RP 80 Å) 
and a mobile phase gradient from Water (A) and Methanol/Acetonitrile (B) 65/35 (V/V) at a 
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flow rate of 1.2 ml/min (0 min: 50 % B; 32 min: 70 % B; 37 min: 100 % B; 40 min: 100 % B; 
41 min: 5 % B; 44 min: 5 % B; 45 min: 50 % B; 55 min: Stop). The detection was performed 
with UV at 220 nm and Fluorescence at 280/310 nm as well as 263/434 nm. 
4.2.2.9 Statistical evaluations 
Results are presented as means ± standard deviations. Differences in degradation product 
formation were analysed for statistical significance by one way ANOVA analysis followed by 
Tuckey HSD test using SPSS software (version 21, IBM, Armonk, NY, USA). Values of 
p < 0.05 were considered statistically significant. 
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 Results and Discussion:  4.3
We intended to evaluate the influence of humidity and thermal stress during fluid bed 
granulation on stability and storage stability of EE. 
In a first test run, samples at different drying stages were sealed to prevent moisture 
exchange with the environment. 
In the second test run, we investigated the influence of the process temperatures during the 
drying phase on the stability of EE. 
Additionally we evaluated the efficiency of in-line particles size and moisture determination 
using SFT and MRT in both test runs. A successful combination of both in-line technologies 
would allow for control of the most crucial granule parameters for tableting and API stability 
in real time. 
 In-line particle size determination  4.3.1
4.3.1.1 Test run 1:  
Figure 4-3 A and Figure 4-3 B show that the individual phases of a typical granulation 
process could be monitored using in-line and off-line particle size distribution measurement. 
Particle size measured in-line and off-line remained constant during the pre-warming phase 
and the spraying of API-Solution. In-line particle size monitoring showed a slight increase in 
x50 and a stronger increase in x90 during the first step of binder spraying. During the drying 
phase, x50 and x90 moderately decreased with ongoing drying time, probably by mechanical 
abrasion and shrinkage upon drying. Off-line measured particle size distribution showed a 
constant increase in particle size during the first and the second step of binder spraying. In-
line data only displayed the particle size increase during the first step. In all phases of 
granulation, off-line measured particle size differed notably from the in-line measured particle 
size. These differences are due to a known problem of SFT analysis to detect particles 
smaller than 50 µm130. This error typically affects the data at early stages of the granulation 
process and becomes negligible towards the end of the granulation process when the 
fraction of particles below that size is strongly reduced122. Both, x50 and x90 determined in-line 
by SFT and off-line by laser diffraction, showed remarkable consistence in the determined 
values in that last phase of the process. 
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A) 
 
B) 
 
C) 
 
 
Figure 4-3: A) In-Process-data on granulation process: mean value SFT (in-line)-sensor 
(black line, SD=grey lines), mean value laser diffraction (off-line method, dotted line with 
squares ), mean value loss- on drying (off-line method, dots); MV= Mean Value (MV over all 
batches, n=3), SFT=Spatial filtering technology, LOD= Loss on drying B) Particle size x10, 
x50, x90 from off-line Determination using Laserdiffraction (LD, filled symbols) and in-line 
determination using SFT-Sensor (SFT, open symbols), Mean values over all batches (n=3) 
C) x50-Particle size measured in-line (lines) and off-line (dots) during variation of the in-let air 
temperature in drying process (mean value from n=3 batches per drying temperature) 
4.3.1.2 Test run 2:  
Figure 4-3 C compares x50 of in-line and off-line measured particle size distribution as mean 
values of three batches dried at different inlet air temperatures. We observed strong 
fluctuations in in-line determined particle size at the end of the drying process that can be 
explained with the process that was necessary to add the outer phase to the granules for 
later compression. 
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Figure 4-3 C shows that variations of the inlet-air temperature had only slight influence on the 
x50- particle size distribution of the final granules. The largest particle size was measured for 
the granules dried at 90 °C in-let air temperature, whereas the smallest particle size was 
found for granules dried at 50 °C. This might be explained by the different drying times that 
resulted from the different inlet temperatures and led to shorter processing times and lower 
mechanical stress for higher temperatures. Table 4-2 shows the measured process duration 
that emphasizes this conclusion. 
Table 4-2: Product- temperatures and drying time of the granules 
Inlet- air temperature during 
drying process [°C] 
Drying time of granules 
[min] 
Measured product-
temperature [°C] 
50 26 34 
70 16 39 
90 15 47 
 In-line granule moisture determination 4.3.2
4.3.2.1 Test run 1 
The samples drawn during granulation and drying for off-line determination of LOD (Figure 
4-3 A) were used for the product-related calibration of the MRT sensor applied in the 
following test run 2 in order to stop the process at a predefined granule moisture. The data 
set showed a linear correlation with a correlation coefficient of 0.903 (Figure 4-4 A). A 
separate calibration approach that took into account possible differences in data fitting for 
spraying and drying phase did not significantly improve the correlation (Figure 4-4 B). 
Therefore, we defined the stop criterion for the second run as 6 % MRT, which correlated 
with a LOD range between 6 % and 7 %. 
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A) 
 
B)  
 
C) 
 
 
Figure 4-4: A) Calibration data for MWR-sensor from n=3 batches during entire granulation 
process; B) Calibration data for MWR-sensor from n=3 batches separated in granulation 
phase (squares) and drying phase (rhombs) C) Granule moisture (in-line measurement: 
lines, off-line measurement: dots) during variation of inlet-air temperature during drying 
process (mean value of n=3 batches per temperature) 
4.3.2.2 Test run 2 
Figure 4-4 C shows the granule moisture monitored in-line with MRT and off-line by LOD. We 
found differences between in-line and off-line moisture-measurement in the 1st and 2nd step 
of binder-spraying (Figure 4-4 C) that resulted from the limitation of MRT to measure 
moisture below 10 %115. The subsequent drying phase could be more appropriately 
characterized with MRT. At 90 °C inlet-air temperature the measured moisture fell steeply 
during the drying process compared to the moisture measured at 50 °C. Hence, a fast drying 
of the granules at 90 °C inlet-air temperature and the slow drying process of granules dried 
at 50°C inlet-air temperature could be monitored well by MRT. However, MRT mean values 
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for the intermediate condition (70 °C) could not be as clearly distinguished from the 90 °C 
batches as by comparison of off-line LOD data. We therefore conclude that granule moisture 
determination by our MRT equipment was less reliably and sensitive as with the off-line LOD 
data. Nevertheless, MRT is well suited for an estimation of product moisture during the entire 
granulation process. 
 Effects of granule moisture on stability of EE 4.3.3
4.3.3.1 Test run 1 
Figure 4-5 A and Figure 4-5 B show the quantitative data on EE impurities in the granules 
after long term storage in sealed vials at 25 °C/60 % r. h. over 24 months and storage under 
accelerated conditions (40 °C/ 75 % r. h. ) over 12 weeks, respectively. Time of drying (0, 15 
or 30 min) did not affect the detected amount of degradation products when analysed directly 
after granulation. Degradation products increased with ongoing storage time in all groups. 
Remarkable differences in EE degradation were found between the samples of different 
initial moisture. After 24 months of storage under long term conditions (25 °C/60 % r. h. ) we 
found a significantly increased content of all investigated degradation products in samples 
with an LOD of 8.35 % as compared to batches with lower LOD (Figure 4-5 G). This 
indicates moisture driven degradation of EE in the sealed containers. Affirmative results were 
obtained under accelerated conditions. After 8 weeks we already found significantly 
increased amounts of 6-alpha-hydroxy-EE, 6-beta-hydroxy-EE and 9(11)-DH-EE in the 
granules with 8.35 % as compared to those with 4.88 % and 3.43 % LOD (Figure 4-5 E). The 
amount of degradation products found after 12 weeks under accelerated conditions 
corresponded well with the data found after 24 months of long term storage (Figure 4-5 F 
and Figure 4-5 G). After 12 weeks, we also found significantly increased amounts of 6-oxo-
EE in granules with 8.35 % compared to 3.43 % LOD. Thus, we could confirm our hypothesis 
that granule moisture accelerated EE degradation. Using sealed vials, we could distinguish 
between effects of the granule moisture and temperature effects of storage conditions. No 
humidity or drying effects of the storage conditions biased the results of test run 1. 
4.3.3.2 Test run 2 
In the second experiment we varied process temperatures and dried the granules to LODs of 
6-7 % to allow for tabletting and blistering. After 8 weeks of storage under accelerated 
conditions (40 °C/75 % r. h., Figure 4-5 D) we found significant differences for degradation 
products in samples dried at different temperatures. 6-beta-hydroxy-EE, 9(11)-DH-EE and 6-
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oxo-EE were significantly increased for processing temperatures of 90 °C as compared to 
50 °C and partly to 70 °C. 
The difference in drying time and product temperatures of each process are described in 
Table 4-2. The increased product temperatures (47 °C) during the drying process using 
90 °C inlet-air temperature was responsible for the thermal stress on EE in presence of water 
over a short time. Prolonged process times at 50 °C inlet-air temperature may not have a 
significant influence on EE stability since this resulted in a low final product temperature of 
34 °C for less than 30 min, which is lower than the storage stress under accelerated 
conditions. Figure 5C shows that the final LOD of the granules differed more or less within 
the defined limits of 6 to 7 % with samples dried at 90 °C having the lowest LOD with 5.9 %. 
The increased amounts of degradation products in samples dried at 90 °C indicate that the 
process temperature has a clear influence on the degradation of EE. 
Comparison between degradation data of 6-alpha-hydroxy-EE and 6-beta-hydroxy-EE in the 
experiments with different granule moisture with that of different granulation processing 
temperatures revealed a remarkably high amount for these degradation products in all 
samples of the temperature driven experiment (6-alpha-hydroxy-EE 0.17 % and 6-beta-
hydroxy-EE 0.24 % at 50 °C, 8 weeks, Figure 4-5 D). In the experiment on the influence of 
granule moisture (test run1), however, these two products were only increased for the 
samples with a LOD of 8.35 % (6-alpha-hydroxy-EE 0.14 % and 6-beta-hydroxy-EE 0.18 %, 
Figure 4-5 E). This indicates that the increased humidity (75 % r.h.) under accelerated 
conditions may have a considerable effect on EE stability even through the PVC/aluminium 
blister. This was confirmed after 12 months of storage under accelerated conditions where 
we found very high amounts of degradation products that no longer depended on the 
conditions during the granulation and drying process (Figure 4-5 C). We assume that 
humidity in combination with temperature stress generated by the accelerated conditions for 
a very long time of 12 months overruled the observed influence of the drying temperature 
during granulation. 
General differences between the two experiments are probably a consequence of the 
different storage conditions that were chosen for the two experiments. In the first experiment 
on the influence of granule moisture on stability, vials were hermetically sealed to preserve 
the original humidity. In the second experiment on drying temperature the tablets were 
compressed from the granules and blistered in PVC with an aluminium lid foil. PVC is known 
to be permeable for water vapour131;132. The described blister material was chosen for the 
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experiments to gain test-results that are comparable to the stability of marketed EE-
containing tablets for which stability of EE is proven under accelerated as well as long term 
conditions. 
A) 
 
B) 
 
C) 
 
D) 
 
E) 
 
F) 
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G) 
 
 
Figure 4-5: Stability of EE as mean value of impurities and standard deviations (bars). A) 
Stability of EE depending on drying time of granules. Impurities after storage in sealed vials 
at 25 °C/60 % r. h. (bars). Mean and standard deviation of LOD of granules after processing 
(dots). B) Stability of EE depending on drying time of granules. Impurities after storage in 
sealed vials at 40 °C/75 % r. h. (bars). Mean and standard deviation of LOD of granules after 
processing (dots). C) Stability of EE depending on drying temperature during granule 
processing. Impurities after storage of blistered tablets at 40 °C/75 % r. h. (bars). Mean and 
standard deviation of LOD of granules after processing (dots). D) Stability of EE in relation to 
the drying temperature after storage of blistered tablets at 40 °C/75 % r. h. for 8 weeks 
(bars). Significant differences in impurity contents are indicated by brackets. LOD of samples 
at different drying temperatures: 7.33 % (50 °C); 7.09 % (70 °C); 5.87 % (90 °C) E) Stability 
of EE in relation to the drying time of granules after storage of sealed vials at 40 °C/75 % r. h. 
for 8 weeks (bars). Significant differences in impurity contents are indicated by brackets. F) 
Stability of EE in relation to the drying time of granules after storage of sealed vials at 
40 °C/75 % r. h. for 12 weeks (bars). Significant differences in impurity contents are indicated 
by brackets. G) Stability of EE in relation to the drying time of granules after storage of 
sealed vials at 25 °C/60 % r. h. for 24 months (bars). Significant differences in impurity 
contents are indicated by brackets. 
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 Conclusion 4.4
In-line monitoring of granule size and granule moisture during fluid-bed granulation was 
applied for the development of a MCC-containing EE model formulation. We investigated the 
influence of the drying phase during the granulation process concerning heat and remaining 
granule moisture on the stability of EE. We found that the EE degradation products 6-alpha-
hydroxy-EE, 6-beta-hydroxy-EE, 6-oxo-EE and 9(11)-DH-EE were significantly increased by 
increased granule moisture after long term storage. The combination of increased moisture 
with an enhanced storage temperature of 40 °C strongly accelerated the humidity driven 
degradation process. 
Enhanced process temperature by increased inlet-air temperature during the drying process 
had clear effects on EE degradation upon storage. 9(11)-DH-EE and 6-oxo-EE were the 
main temperature driven degradation products. 
The results show that for the development of a robust formulation, the entire granulation 
process should be well investigated and described. In-line technologies offer the possibility to 
analyse and monitor the process leading finally to a real-time release. Despite some 
deviations of the in-line from the off-line data, a detailed description of the drying process as 
basis for the stability of the model-substance was possible under consideration of the in-line 
sensors. 
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 Influence of filler excipients on stability of EE 5
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 Introduction 5.1
In the past the standard formulation containing EE used lactose monohydrate as main filler 
substance. Recently lactose monohydrate is frequently replaced due to a possible lactose-
intolerance of the patients. Beside this aspect investigations could demonstrate that lactose 
phosphate, a known intrinsic contaminant in lactose, might enhance the degradation of 
steroids133. For the model formulation used in this thesis lactose monohydrate was replaced 
by MCC. 
The replacement of lactose monohydrate in the formulation by MCC leads to changed 
properties of the formulation. This makes investigations concerning the stability of EE and 
the granulation procedure necessary. As demonstrated in literature MCC is able to bind 
water molecules on its surface53 and in the polymer structure51. This water integrated into the 
MCC structure might influence the stability of drug substances40. 
As already mentioned in chapter 2.2.1.1 the fluid bed granulation process performed for 
investigations in this theses consists of two main steps, an ethanolic drug spraying step and 
an aqueous binder solution spraying step (Figure 5-1, sequence 1). The aqueous binder 
solution might change the properties of MCC: firstly by incorporation of the water molecules 
in the MCC polymer structure and secondly by the formation of agglomerates due to the 
sprayed binder. Sprayed binder therefore changes the surface of the materials. 
The investigations described in the following chapter demonstrate the influences of replacing 
lactose with MCC on the stability of EE considering the following two aspects: firstly the 
direct contact of the main filler substance with EE by production of binary mixtures and 
secondly the influence of a covering of the particle surface with binder during granulation 
process by modelling the spraying sequence: 
1. Binary mixtures:  
 To investigate the influence of MCC on EE in comparison to the standard filling 
excipient lactose, binary mixtures of the filler excipients and EE were produced (see 
chapter 2.2.3). For this purpose ethanolic EE solution was sprayed in the fluid bed 
granulator GPCG 1 (batch size 500 g) on MCC (Vivapur 101) respectively lactose 
(Pharmatose 450M and Pharmatose 130M). The mixtures were stored in accelerated 
conditions (40 °C/75 % r. h., opened glass vials and closed glass vials) and examined 
for EE impurities. 
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 The influence of contact area between MCC and EE on the stability of EE was 
investigated by spraying ethanolic EE-solution in the fluid bed granulator on 
Vivapur 101, Vivapur 105 and Vivapur 12 (binary mixtures). All MCC-qualities are of 
different particle size. Vivapur 12 has the largest particle size with x50= 146 µm, 
Vivapur 105 has the smallest particle size with x50= 29 µm (Vivapur 101: x50= 55 µm). 
The binary mixtures were stored at 25 °C/60 % r.h. for up to 24 months in closed 
glass vials and 40 °C/75 % r.h. open to investigate the relationship of the stability of 
EE with the surface of MCC. 
2. Modelling of spraying sequence during fluid bed granulation process: 
In the second step we investigated the influence of the contact of EE and MCC in 
granules on the stability of EE: In this study, the two-step standard granulation process 
consisting of an ethanolic drug spraying step and an aqueous binder solution spraying 
step (Figure 5-1, sequence 1) was modified with the aim to increase EE stability by 
changing the moisture contact time of EE within the process (Figure 5-1, sequence 3) 
Furthermore it should be investigated if destabilizing EE interactions with MCC and 
oxygen were reduced by coating MCC and subsequently EE with binder (Figure 5-1, 
sequence 2). Three batches were manufactured for each spraying sequence. The 
resulting granules were compressed and investigated for chemical stability of EE. The 
end point of the drying process was defined as in-line measured 6 % moisture. 
 
Figure 5-1: Spraying sequences during fluid bed granulation process 
The granulation process was monitored with in-line sensors for particle size (SFT) and 
moisture measurement (MRT) to investigate the influence of changes in spraying sequence 
on the critical material attributes. 
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 Results and Discussion 5.2
 Binary mixtures 5.2.1
5.2.1.1 Influence of the main filler excipients on the stability of EE 
Figure 5-2 shows a steep increase of all impurities in the opened stored binary mixtures 
containing MCC whereas the amount of impurities in binary mixtures with lactose 
monohydrate had only a little change during the open storage (Figure 5-2 A and B). In binary 
mixtures containing MCC (Vivapur 101) all degradation products increased significantly 
between all testing points, except for 6-alpha-hydroxy-EE between 4 and 8 weeks. The 
steepest increase could be found for 9(11)-dehydro-EE. In binary mixtures containing lactose 
(Pharmatose 450M) 6-alpha-hydroxy-EE and 6-beta-hydroxy-EE increased significantly 
except from 1 week to 4 weeks (6-alpha-hydroxy-EE and 6-beta-hydroxy-EE) and 4 to 8 
weeks (6-beta-hydroxy-EE). No significant increase was determined for 9(11)-dehydro-EE 
whereas a significant increase could be determined for 6-oxo-EE except from 1 week to 4 
weeks. Binary mixtures containing Pharmatose 130M showed significant increases from start 
to 12 weeks for all impurities, furthermore for 6-alpha- and 6-oxo-EE from 1 week, 4 and 8 
weeks to 12 weeks. For 6-beta-hydroxy-EE and 9(11)-hydroxy-EE a significant increase 
could be identified from start to 8 weeks respectively start to 4 weeks. In a direct comparison 
between both lactose grades (Pharmatose 450M and Pharmatose 130M) after 12 weeks 
storage a significant difference could be determined for 9(11)-dehydro-EE (Figure 5-2 B). 
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A) 
 
B) 
 
Figure 5-2: Degradation products EE in binary mixtures of MCC and Lactose 
(40 °C/75 % r. h., open), mean values (n=3) with standard deviations; A) comparison of 
binary mixtures with lactose (Pharmatose 450M and Pharmatose 130M) and MCC 
(Vivapur 101). Significant differences in impurity contents are indicated by brackets.; B) 
Zoom to degradation products determined in binary mixtures of lactose Pharmatose 450M 
and Pharmatose 130M after 12 weeks storage. Significant differences in impurity contents 
are indicated by brackets. 
After storage in closed glass vials (Figure 5-3 A) significant differences were determined in 
binary mixtures containing lactose Pharmatose 450M and lactose Pharmatose 130M as well 
as in binary mixtures containing MCC (Vivapur 101). Indeed, the increase was not as steep 
as in opened stored binary mixtures containing MCC (Vivapur101). Significant increase for all 
investigated time points could be determined in binary mixtures containing MCC Vivapur 101 
for 6-alpha-hydroxy-EE (except from 4 to 8 weeks), for 6-beta-hydroxy-EE (except from 1 
week to 4 weeks) and for 6-oxo-EE. For 9(11)-dehydro-EE a significant increase was 
determined until 4 weeks. Binary mixtures containing lactose Pharmatose 450M showed 
significant increase for 6-beta-hydroxy-EE and 9(11)-dehydro-EE at 4 to 8 and 8 to 12 
weeks. 6-alpha-hydroxy-EE increased significantly from 8 to 12 weeks. 6-oxo-EE increased 
significantly except from 4 to 8 weeks. In binary mixtures containing lactose 
Pharmatose 130M all degradation products increased significantly during storage except 6-
alpha-hydroxy-EE from start to 1 week. The highest amount of degradation products were 
determined in binary mixtures containing lactose Pharmatose 130M. 
In the binary mixture with lactose of smaller particle size (Pharmatose 450) as well as in 
binary mixtures with MCC (Vivapur 101) the impurity profile is dominated by 9(11)-dehydro-
EE followed by 6-oxo-EE, 6-beta-hydroxy-EE and finally 6-alpha-hydroxy-EE. In the recent 
case of binary mixture with Pharmatose 130M the profile after 12 weeks storage in closed 
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conditions is dominated by 6-beta-hydroxy-EE strictly followed by 9(11)-dehydro-EE and 6-
oxo-EE (Figure 5-3 A and B). This profile might provide an indication that an additional factor 
influenced the degradation of EE. In literature a lactose-impurity was already discussed 
enhancing degradation of steroids133. 
 
A) 
 
B) 
 
Figure 5-3: Degradation products EE in binary mixtures of MCC and Lactose. A) comparison 
of binary mixtures with lactose (Pharmatose 450M and Pharmatose 130M) and MCC 
(Vivapur 101) at (40 °C/75 % r.h., closed), mean values (n=3) with standard deviations. 
Significant differences in impurity contents are indicated by brackets. B) Comparison of 
degradation products of EE in binary mixtures of MCC and Lactose after 12 weeks at 
40 °C/75 % r.h., opened and closed, mean values (n=3) with standard deviations. Significant 
differences in impurity contents are indicated by brackets. 
The increased amount of the degradation products 9(11)-dehydro-EE and 6-oxo-EE after 
opened storage (Figure 5-3 A) of the binary mixture containing MCC (Vivapur 101) can be 
attributed to the increased water-uptake of MCC during storage. As already discussed in 
section 1.4.2.2 MCC acts like a ‘molecular sponge’134 incorporating water molecules in the 
spaces between cellulose chains57. The water catalyzes degradation reactions (see section 
1.4.1.3). During opened storage at 40 °C/75 % r.h. the water-molecules from atmosphere 
could interact with the structure of MCC and catalyze the degradation of EE. In contrast to 
this sponge-like behavior of MCC the water- uptake of lactose monohydrate is negligible low, 
a solvation of EE that leads to an increased degradation can be excluded133. Therefore the 
amount of degradation products 9(11)-dehydro-EE and 6-oxo-EE in binary mixtures of MCC 
with EE is increased after opened storage compared to the closed storage (Figure 5-3 B). 
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5.2.1.2 Influence of MCC contact area on the stability of EE 
Figure 5-4 shows that the highest amount of impurities after 24 months was found for 
Vivapur 105 and the lowest amount was detected for Vivapur 12. After 24 months of storage 
significant differences could be found for 6-alpha-hydroxy-EE and 6-beta-hydroxy-EE 
between binary mixtures with Vivapur 105 and Vivapur 101 respectively Vivapur 12. 
Furthermore the amount of 9(11)-dehydro-EE differed significantly between the binary 
mixtures of Vivapur 105 and Vivapur 12. No 6-oxo-EE could be determined in the binary 
blend of Vivapur 12. It is noticeable that linear trends in detected amounts of 6-alpha-
hydroxy-EE and 9(11)-dehydro-EE were detected after 24 months storage time with the 
particle size x50 of the different MCC-grades (Figure 5-4 B). R² of the linear regressions were 
determined with 0.82 (6-alpha-hydroxy-EE) respectively 0.95 (9(11)-dehydro-EE). For 6-
beta-hydroxy-EE and 6-oxo-EE no linear regression could be established. 
In addition we determined the specific surface area of Vivapur 105 and Vivapur 12. As 
expected Vivapur 105 has a larger specific surface area with 1.5 m²/g compared to 
Vivapur 12 with 0.8 m²/g. Furthermore the residual moisture was determined as LOD in the 
binary mixtures. The LOD was highest in the binary mixture with Vivapur 105 (LOD=4.5 %). 
The lowest LOD was determined from the binary mixture with Vivapur 101 (LOD=4.05 %). 
The LOD determined from the binary mixture with Vivapur 12 showed a value of 4.15 %. The 
increased moisture content in the binary mixture with Vivapur 105 might have additionally 
accelerated the degradation of EE. Whereas the increased amount of degradation products 
found in the binary mixture from Vivapur 101 compared to the mixture with Vivapur 12 might 
be attributed to the particle surface of MCC. 
A) 
 
B) 
 
Figure 5-4: Degradation products EE in binary mixtures of MCC (25 °C, 60 % r.h., closed) 
mean values (n=3) with standard deviations; A) comparison between start and 24 months 
Significant differences in impurity contents are indicated by brackets.; B) Correlation between 
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degradation products after 24 months with particle size x50 of MCC-qualities; lines are linear 
regression 
Figure 5-5 A presents the results from determination of degradation products in binary 
mixtures with the different MCC- grades (Vivapur 105, Vivapur 101 and Vivapur 12) after 
opened storage at 40 °C/75 % r.h.. In the binary mixture with Vivapur 105 all degradation 
products increased significantly during storage except 6-alpha-hydroxy-EE and 6-oxo-EE 
from 1 week to 4 weeks as well as 9(11)-dehydro-EE (significantly increase only from 4 to 12 
weeks). In binary mixtures with Vivapur 101 and Vivapur 12 the amount of degradation 
products increased at each time point significantly. 9(11)-dehydro-EE in binary mixture with 
Vivapur 12 increased significantly starting by 1 week only. 
For direct comparison between all binary mixtures the significant differences were 
determined for all degradation products at 12 weeks (Figure 5-5 B). It could be demonstrated 
that only the amount 6-beta-hydroxy-EE differs significantly between all 3 binary mixtures. 
For 6-alpha-hydroxy-EE, 9(11)-dehydro-EE as well as 6-oxo-EE significant differences were 
determined from binary mixture with Vivapur 101 compared to the other binary mixtures only. 
Overall the highest amount of impurities was determined in binary mixture with Vivapur 101 
with a particle size distribution of x50= 55 µm. The amount of degradation products in binary 
mixtures with the larger particles (Vivapur 12 with x50= 146 µm) and the binary mixture with 
smaller particles (Vivapur 105 with x50=29 µm) did not differ significantly. Therefore during 
opened storage of the binary mixtures no trend in degradation of EE due to the particle size 
of the used MCC could be determined. 
It is assumed that the high amount of water that is available during opened storage at 
40 °C/75 % r.h. overrules the effect of the particle size of MCC on the stability of EE that was 
observed during closed storage.  
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A) 
 
B) 
 
Figure 5-5: Degradation products EE in binary mixtures of MCC (40 °C/75 % r. h., open). 
mean values (n=3) with standard deviations. A) Comparison of binary mixtures during all 
testing points. Significant differences in impurity contents are indicated by brackets. B) Zoom 
to degradation products determined in binary mixtures after 12 weeks storage. Significant 
differences in impurity contents are indicated by brackets. 
In conclusion the surface area of MCC as well as the residual moisture from the Vivapur-
qualities influenced the stability of EE in the binary mixtures of the Vivapur qualities with EE 
during closed storage. 
In the next step the spraying sequence during granulation of the new model formulation will 
be investigated regarding a potentially accelerated degradation of EE due to the contact of 
EE with MCC as main filler excipient. 
 Fluid bed granulation process- modeling of spraying sequences 5.2.2
The following investigations were performed during the fluid bed granulation process of the 
model formulation. 
5.2.2.1 In-line measurement of particle size and granule moisture 
Figure 5-6 shows the results of the in-line determination of granule moisture and particle 
size. The different sequences (see Figure 5-1, page 92) resulted in fingerprint-like diagrams 
of particle size and moisture content development. Every individual phase of the granulation 
process could be monitored using the in-line sensors. For each sequence a decreased 
particle size as well as a decreased moisture trend could be monitored during ethanolic DS-
spraying. With the change to the aqueous binder solution, particle size and moisture 
increased. The largest particle size of 89 µm during the granulation process could be 
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measured for sequence 1 at the end of binder spraying (Figure 5-6 A). During spraying of EE 
the smallest particle size (approx. 28 µm) was found at sequence 1 when EE was sprayed 
immediately on the MCC-substance. After drying particle size of all three sequences showed 
particle sizes between 78 and 91 µm. In-line and off-line measured particle size showed the 
same trend. In-line as well as off-line the strongest increase in particle size could be 
measured for sequence 3 followed by a decrease after spraying of the binder solution. The 
same increase of particle size at the beginning of the first binder spraying phase as for 
sequence 3 could be measured for sequence 2 with both measurement systems. The delay 
in particle size growth at the beginning of granulation process of sequence 1 could be 
measured with both systems as well. The discrepancy between in-line and off-line measured 
particle size was already discussed in the previous sections of this thesis. 
A) 
 
B) 
 
Figure 5-6: A)x50 particle size during fluid bed granulation process (lines: in-line measured 
particle size, dots: off-line measured particle size using laser diffraction), Mean values of n=3; 
B) Granule moisture during fluid bed granulation process (in-line measurement: lines, off-line 
measurement: dots), Mean values of n=3 batches per sequence 
The product related calibration of the MWR-Sensor for in-line moisture measurement was 
performed with batches produced for investigation on influences of drying time on stability of 
EE (see chapter 4 of this thesis). The in-line measured moisture content of sequence 2 and 
sequence 3 shows a steep increase up to 10 % in the beginning of the granulation process 
(Figure 5-6 B). Subsequently for sequence 2 the moisture decreases due to ethanolic EE-
solution spraying whereas for sequence 3 the moisture level is constant until ethanolic 
spraying of EE begins after approximately 50 min. During the second phase of binder 
spraying at sequence 2 the increase in granule moisture is slightly decreased compared to 
the first binder spraying phase at the beginning of the granulation process. At sequence 1 the 
increase in granule moisture starts after 26 min with the beginning of binder solution 
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spraying. The total granule moisture during binder spraying is similar for all 3 sequences 
between 9 % and 10 %. 
By comparison of in-line and off-line measurement strong deviations could be determined 
between the measured moisture content especially during binder solution spraying at 
sequence 1 (Figure 5-6 B). During processing of sequence 1 firstly the ethanolic drug 
solution was sprayed on the excipients. Afterwards the aqueous binder solution spraying 
step was performed. No literature is available dealing with the influence of ethanol on the 
properties of MCC during fluid bed granulation process. Literature concerning wet 
granulation and spheronization processes showed that the use of ethanol instead of water as 
granulation fluid produces pellets from MCC with different properties regarding the strength, 
the porosity and the compressibility135;136. It could be demonstrated that no changes in 
hydrogen bonding occur137. A possible explanation could be the reaction of MCC with water 
as discussed in section 1.4.2.2.: during spraying of aqueous binder solution the contained 
water reacts with the polymer-structure and penetrates in the MCC52. This reaction with the 
active sites of MCC is not reversible and was already confirmed by NIR138. It is assumed that 
the ethanol sprayed during the fluid bed granulation in sequence 1 influences the surface of 
the MCC powder. The water added during the following aqueous binder solution spraying 
step might therefore not penetrate in the deeper structures of MCC. The binding of water 
molecules would therefore be not as strong as in sequence 2 and sequence 3. In off-line 
LOD-measurement only delivered water is determined from the sample. Due to the not 
strongly bound water in granules from sequence 1 the water would be easily removed during 
the off-line LOD measurements whereas the strongly bound water in granules from 
sequence 2 and 3 cannot be removed entirely during the LOD measurements. Therefore the 
LOD values measured for sequence 1 aqueous binder solution spraying step are higher 
compared to the values determined for sequences 2 and 3. These differences would not be 
detectable during in-line measurement because with the MRT-method the entire water 
contained in the formulation is detected. This assumption might also explain lower LOD for 
sequences 2 and 3 compared to the in-line measured values within the entire granulation 
process. To measure this strongly bound water another off-line method for detection of water 
in molecules like Karl-Fischer would be necessary. Correspondingly, the discrepancy 
between the in-line and the off-line measured values should be removed by calibration of the 
in-line MRT-measurement method applying the appropriate sequence. 
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The defined end-point of the drying process with 6 % moisture measured in-line and the 
discrepancy between in-line and off-line measurement caused variations in the moisture of 
the end-product between 3.7 % at sequence 3 and 6.6 % at sequence 1. The best fit 
between in-line and off-line measured moisture content could be found at the end of the 
drying process for sequence 1 which is the sequence used for the standard granulation 
process. The calibration of the in-line MRT-sensor was done with this sequence (see chapter 
4). 
Nevertheless it could be shown that the in-line moisture measurement is a usable tool for 
characterization of the granulation process even if an end-point determination of the drying 
process was not possible. It shows reasonable values during the granulation process when 
the fingerprints for in-line measured moisture are combined to the in-line measured particle 
size: if the moisture in the granules increases the particle size increases as well and vice 
versa a decrease in granule moisture can be reflected to a decrease in granule particle size. 
5.2.2.2 Effects of spraying sequence on stability of EE 
The main issue of the presented study was the improvement of the DS stability. Figure 5-7 
shows the measured impurities in the tablets after storage in accelerated conditions. The 
highest amount of impurities was found for sequence 1, the lowest amount was found for 
sequence 3. Significant differences between the impurities of the spraying sequences were 
detected for 4 weeks, 8 weeks and 12 months of storage. The significances for 4 weeks of 
storage are demonstrated in Figure 5-8 A. The highest influences were found for 9(11)-
dehydro-EE that differed significantly between sequence 1 and sequence 2 as well as 
sequence 3 and furthermore between sequence 2 and sequence 3. After 8 weeks all 
impurities differ significantly between the sequences. The decrease in amount of impurities 
from sequence 1 to sequence 3 correlates well with the processing time including EE in the 
granules. In sequence 1 EE was sprayed at the beginning of the granulation process. In 
sequence 2 EE was sprayed in the middle of the granulation process and in sequence 3 EE 
was added at the end of the process. In section 5.2.2.1 the influence of ethanol on the 
surface of MCC and the possible influence on binding of water molecules in MCC were 
discussed. This mechanism might as well influence the stability of EE: due to the ethanolic 
EE-solution spraying step at the beginning of sequence 1 the surface of MCC could be 
modified by ethanol. Due to this modification the water molecules could not penetrate into the 
MCC-particles during the following aqueous binder-solution spraying step. The EE fixed on 
the surface of MCC-excipients was therefore overexposed to the water accelerating its 
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degradation. During sequence 2 and sequence 3 a part or even the entire aqueous binder 
solution was already sprayed on the MCC-surface. The water molecules could partly 
penetrate into the MCC particles. After spraying of EE the amount of free water molecules 
was reduced. The degradation rate of EE could therefore be decreased during sequence 2 
and sequence 3. Another influence might be the contact between EE and MCC filler 
excipient: in sequence 1 EE is sprayed directly on the large surface of the MCC-powder 
whereas in sequence 2 EE is sprayed on a decreased surface of partly granulated MCC and 
furthermore EE is embedded with binder solution. In sequence 3 large MCC granules with a 
smaller particle surface exist before spraying of EE (Figure 5-6 A). This mechanism would 
conform to the results from section 5.2.1.2. 
In the granules three effects might overlay: in sequence 2 and 3 MCC surface was already 
coated with binder when DS came into contact with the granules, coating might have 
protected DS against destabilizing interactions with the MCC surface. On the other hand the 
time of direct contact of EE with the water in the aqueous binder solution was highest in 
sequence 1 and lowest in sequence 3. Hence, the amount of free water that acts as 
accelerator for the degradation process was reduced during sequence 2 and sequence 3. 
Furthermore the processing time including EE in the granulator decreased from sequence 1 
to sequence 3 leading to decreased thermal influences on EE. 
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Figure 5-7: Degradation products of EE in tablets (40°C/75% r.h., blistered), mean values 
(n=3) with standard deviations 
 
Figure 5-8: Degradation products of EE in tablets after 4 weeks storage at 40°C/75 %r.h. 
(blistered), mean values (n=3) with standard deviations, brackets: significant differences 
between spray sequences for each degradation product 
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 Conclusion 5.3
The investigations with binary mixtures from Lactose (Pharmatose 450M and 
Pharmatose 130M) respectively MCC (Vivapur 101) depicted that the stability of EE after 
opened storage at 40 °C/75 % r.h. is decreased in blends from EE and MCC. The increased 
amount of degradation products is attributed to interactions of water trapped in the molecular 
structure of MCC with EE. Overall the amount of degradation products determined in binary 
mixtures after closed storage was decreased compared to the amount of degradation 
products determined after opened storage. Therefore it can be assumed that the humidity 
and therefore the water in the atmosphere accelerates the degradation of EE in MCC. A 
dependency of the stability of EE from the surface of MCC could be demonstrated for the 
binary mixtures of MCC and EE stored at long term conditions (25 °C, 60 % r.h., closed) 
under elimination of air humidity. During opened storage under accelerated conditions 
(40 °C/75 % r. h.) the presence of air humidity overruled the effect of particle size of MCC on 
the stability of EE. 
The investigations demonstrated that a technically feasible change of the spraying sequence 
might improve the stability of EE. The standard spraying sequence 1 showed the largest 
amount of impurities and a long processing time, whereas sequence 3 showed the lowest 
amount of impurities and the shortest processing time. It is assumed that coating with binder, 
the contact area with MCC and the processing time are lead to differences in the stability of 
EE in granules from the 3 spraying sequences. 
The in-line measurements of particle size and granule moisture are useful tools to describe 
the granulation processes using the 3 different spraying sequences. By using the sensors 
fingerprints of the processes could be shown. Furthermore especially the particle size 
determination was useful to investigate the influences of the granulation process on the 
stability of EE. The in-line granule moisture measurement was highly influenced from the 
changes of the spraying sequence. It could be shown that an individual calibration is 
necessary for each spraying sequence. 
An optimization of the granulation process regarding the stability of EE and the process time 
can be possible. 
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The aim of this thesis was the development of a fluid bed granulation process for a new 
model-formulation based on MCC as replacement for lactose. Ethinylestradiol was used as 
model API-substance. Process analytical technologies for monitoring of the critical quality 
attributes were implemented to increase process knowledge and to improve product quality. 
To this end the fluid bed granulator was equipped with sensors for in-line measurement of 
particle size (Spatial filtering technology sensor) and granule moisture (Microwave resonance 
technology-sensor) during fluid bed granulation process. The in-line measurement with these 
sensors was verified. 
The model substance Ethinylestradiol (EE) is an estrogen substance that is prone to 
oxidative and thermal degradation33;31. During the fluid bed granulation process parameters 
were varied which were supposed to have a high impact on the stability of EE due to 
influencing the product moisture and product temperature. The main degradation products of 
EE were used as indicator for the influence of the variations on the stability of EE. 
Furthermore the direct influence of the new filler substance MCC on the stability of EE was 
investigated. Up to now no literature was published on the interaction of EE with MCC. 
The following statements were in focus of this thesis: 
1. Investigations on in-line sensors: 
 Investigations on the positioning and configuration of the SFT sensor for in-line 
particle size monitoring: 
The SFT-sensor for in-line particle size measurement was tested in different positions 
and configurations in the granulator. It is hypothesized that the measurement is 
influenced by the position of the sensor in the granulator and that the sensor might be 
blocked with substance in single positions. The best position and configuration of the 
sensor for the following investigations should be defined. 
 Investigations on the calibration of the MRT-sensor for in-line moisture monitoring. 
The sensor should be calibrated based on the off-line standard method (loss on 
drying). To this end samples were drawn from the granulator during fluid bed 
granulation of the model formulation. The granule moisture was determined via loss 
on drying. These investigations were the basis for the use of the sensor for in-line 
moisture measurement. It was assumed that the calibration for the granulation 
process is independent from external influences and blocking of the sensor. The 
determined calibration should be used for the following investigations. 
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2. Investigations on stability of EE as a function of the granulation process: 
 Investigations on the influence of thermal stress due to a prolonged drying time on 
the stability of EE (drying time). 
The produced granules were consciously over dried using the standard inlet air 
temperature. Therefore the drug substance was exposed to increased thermal stress. 
It is hypothesized that the stability of EE is decreased due to a prolonged drying time 
and increased thermal stress. 
 Investigations on the influence of thermal stress due to variations of inlet air 
temperature during the drying step of fluid bed granulation on the stability of EE 
The inlet air temperature during the drying process at the end of the fluid bed 
granulation process was variated. It is hypothesized that the stability of EE is 
influenced by the drying temperature due to thermal stress. 
 Investigations on influences of the contact with filler excipients on stability of EE 
Binary blends of MCC/EE respectively Lactose Monohydrate/EE were produced and 
tested for stability of EE. It is assumed that the stability of EE is influenced by the 
particle surface of the used filler substance due to the reaction with oxygen and 
moisture respectively chemical residuals. 
In the second step EE containing granules were produced using granulation 
processes with different spraying regimes. These investigations should demonstrate 
whether the surface of MCC can be modified to increase the stability of EE in the 
formulation. Furthermore a change in the spraying sequence and the corresponding 
changes in process parameters might influence the stability of EE. 
Finally it should be stated if a real time release based on in-line measurement of the 
parameters granule particle size and granule moisture measured with the SFT-sensor 
respectively the MRT-sensor is possible and if a new fluid bed granulation process leading to 
an increased stability of EE could be developed. 
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 Discussion on sensor for in-line particle size 6.1
measurement (SFT-sensor) 
An SFT-Sensor was installed in the fluid bed granulator for in-line monitoring of particle size 
during the fluid bed granulation process. The sensor is already described in literature as a 
useful instrument for characterization of fluid bed granulation processes93;127;139. Prior to in-
line measurement of a fluid bed granulation process the sensor has to be qualified for the 
use in the process. An important step of this qualification process is the determination of the 
best position in the fluid bed granulator and the definition of the sensor configuration. As 
discussed in section 1.6.1 literature provides only little information on these issues. 
The determination of the sensor-position was performed in connection with the sensor 
configuration using the model filling substance Microcrystalline Cellulose (MCC, Vivapur 101, 
see sections 3.3.3 and 3.3.1). It could be demonstrated for the model (Vivapur 101) that the 
positioning of the sensor in the deceleration zone of the granulator leads to measurement of 
high particle rates and reproducible data with less influence of the sensor configuration on 
the measurement results. An optimum position and configuration for the model Vivapur 101 
in the deceleration zone was identified. 
In a second step the influence of particle size of the model substance on the measurement 
results was investigated. To this end another MCC speciality (Avicel PH 102, see section 
3.3.2) with an increased particle size was tested. In this system the segregation effect in the 
fluid bed that was already described in literature94;140-142 could be monitored: depending on 
the flow rate, the particle size and the velocity of fluidization143 the smaller particles can be 
found in the upper layer (flotsam) whereas larger particles are found at the bottom 
(jetsam)129. It could therefore be demonstrated that the in-line sensor can be used as a 
helpful tool to determine the homogeneity of mixtures. On the other hand during granulation 
of new substances the sensor in combination with off-line particle size determination could 
easily be utilized to detect segregation and to adjust the fluidization process parameters 
accordingly. Furthermore with these segregation effects it could be proven that negative 
influences on the process can be monitored with the in-line SFT sensor. 
For verification of the determined in-line measurement position and configuration (model 
Vivapur 101) a model granulation process for placebo granules was performed (section 
3.3.3). The in-line measurement results were compared to off-line measurement results 
using laser diffraction. Differences between the off-line measured particle size and the in-line 
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measured particle size could be assigned to the inability of the SFT sensor to measure 
particles <50µm. We showed that the in-line SFT sensor is able to monitor changes in 
particle size during the whole granulation process and that a fingerprint-like particle size 
profile is can be achieved for the granulation process. 
In the next step the particle size was monitored in-line using the SFT sensor during 
experiments conducted for this thesis: tests on drying time (section 4.3.1.1), tests on drying 
temperature (section 4.3.1.1) and tests on spraying sequence (section 5.2.2.1). Figure 6-1 
summarizes all in-line measured x50 particle size profiles. Results from the standard process 
(sequence 1/70 °C) were used as comparison for investigations on spraying sequence 
(section 5.2.2.1) and for drying temperature (section 4.3.1.1). 
 
Figure 6-1: x50 Particle size profiles measured in-line during different granulation processes 
(summary of Figure 3-5 A, Figure 4-3 A and C, Figure 5-6 A) 
It can be pointed out that differences between the processing are visible in the particle size 
profiles. The two profiles for tests on drying temperature (50 °C and 90 °C) are comparable 
with the standard process sequence 1/70 °C until start of the drying process as already 
mentioned in section 4.3.1.1. Differences in the spraying sequence over the entire 
granulation process are visible as well (as discussed in section 5.2.2.1). The profile 
monitored for the batch for verification of positioning and configuration differs due to the 
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different manufacturing process: this batch was manufactured as placebo-batch. Therefore 
no ethanolic spraying step was performed. Furthermore particle size profiles monitored 
during production of the batches for tests on drying time didn’t show a steep particle sizes 
increase as it was monitored for the standard process. This will be discussed in the next 
section (see section 6.2). 
Finally it could be shown with these data that influences on the fluid bed granulation process 
can be detected using the SFT-inline sensor. The verification of the measurement method for 
the recent model granulation process was possible in the determined optimum position and 
configuration of the sensor. Using the SFT-sensor for monitoring of other formulations and 
fluid bed granulator models require new investigations on the positioning and configuration of 
the sensor. 
Further tests should be performed to investigate the influence of more process variables on 
the profile and to establish the finger-print like profile for the standard process. Before 
installation of the sensor in the granulator only direct process parameters like process 
temperature and differential pressure could be monitored. They already provided an 
estimation of the process quality due to process variations but no direct estimation of product 
quality was possible. Real time monitoring using the SFT sensor allows for a direct 
characterization of the product and is a helpful tool to detect variations during the granulation 
process and therefore to increase process quality. Real time release using SFT- sensor as 
discussed in literature90 should be part of the development mind-set for a modern production 
surrounding. However, real time release is not possible under consideration of the current 
status of data. Further investigations on influence of process parameters on the fingerprint 
profile should be considered. 
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 Discussion on sensor for in-line moisture measurement 6.2
(MRT-sensor) 
During fluid bed granulation the spraying of the granulation liquid induces the formation of 
liquid bridges and the start of the agglomeration144. This complex process is influenced by a 
variety of parameters like liquid flow rate, inlet air humidity and inlet air temperature. The 
combined result of these parameters is the granule moisture that affects the granules growth 
rate and particle size. Granule moisture is therefore the best property to measure in order to 
achieve process control107;144. Beside the influence of granule moisture on the granule 
structure and particle size, granule moisture furthermore might promote degradation of the 
API by hydrolysis145. Hence, the moisture content of granules is a critical quality attribute that 
has to be determined to characterize the product quality. In the past product moisture was 
monitored during the granulation process indirectly by means of the product temperature or 
even the outlet-air temperature20;104;105. 
In this thesis the MRT-sensor was embedded directly into the fluid bed granulation process 
to measure the product moisture from the granules in the product container of the granulator. 
This position had to be used due to the necessity of covering the sensor with product. 
Further qualification tests regarding the positioning and configuration could be omitted. The 
main scope during qualification and for the described investigations was the calibration of the 
sensor in the granulation process for the model formulation and the verification of the 
calibration results in further tests. 
The calibration was done against loss on drying (LOD/IR) in off-line determination during 
investigations on drying time of the granules (see section 4.3.2.1). LOD/IR is the standard in-
process control for the evaluated fluid bed granulation process. The regression-coefficient 
was determined with R²=0,903 for the granulation and drying process together. Literature 
presented regression coefficients of R²=0.995119 and R²=0.976118. But also these 
investigations showed that a linear calibration could only be determined for moisture ranges 
of 1.5 % - 4.5 %119 respectively < 10 %118 and 7.5 %112. To describe the entire granulation 
process including granulation and drying step during this thesis a moisture range up to 9.5 % 
was measured and included in the calibration curve. This high moisture content might be 
responsible for a decreased correlation coefficient and therefore a calibration with less 
precision. 
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The verification of the MRT-calibration data-set was performed with batches for testing on 
influence of drying temperature (section 4.3.2.2) and testing on influence of spraying 
sequence (section 5.2.2.1). In both tests the granule moisture was determined off-line with 
LOD/IR during the whole granulation process to evaluate the quality of the MRT-calibration. 
The resulting graphs from in-line and off-line moisture determination are presented in Figure 
6-2 A) and B). During granulation of both test-series differences between in-line and off-line 
measured granule moisture content were determined. The comparison of in-line and off-line 
moisture monitoring during tests on influence of drying temperature at 70 °C (equal to 
sequence 1) shows an off-set between the off-line data and the in-line monitored MRT 
moisture results (Figure 6-2 A). To investigate the source of this off-set the in-line measured 
particle size data were compared as well. Figure 6-1 shows different particle size of the 
granules from the calibration-batches (drying time) and the test-batches (drying temperature 
and spraying sequence). To determine the root cause for the source of the differences in the 
particle sizes between these two test-series as well as the off-set of the in-line monitored 
moisture the in-line monitored product temperature was evaluated as well. As already 
mentioned this parameter can be used for prediction of changes in granule moisture during 
the granulation process. The product temperature during the binder spraying step of the 
calibration-batches (test series on influence of drying time) showed a minimum of 31 °C 
(Figure 6-2 C) and was therefore increased compared to the other granulation processes 
(drying temperature and spraying sequence). The reason for this is that the binder solution 
spraying was performed very slowly within the allowed limits of the granulation process 
leading to an increased product temperature. This increased minimum product temperature 
during the calibration batches is an indicator that the granules were less wetted during the 
binder solution spraying step leading to a smaller increase of particle size during the 
granulation process as depicted in Figure 6-1. The minimum product temperature during 
spraying of all other batches during the test-series (influence of spraying sequence and 
influence of drying temperature) was below 28°C (Figure 6-2 C). The binder spraying step of 
these granulation processes was performed faster leading to wet granules with a steeper 
increase in particle size during the granulation process (Figure 6-1). Investigations already 
pointed out that the particle size influences the MRT-measurement results121. Therefore it is 
assumed that the differences in particle size during the granulation step as well as the 
increased wetting of the MCC-molecules due to the faster binder spraying step influenced 
the in-line moisture monitoring with the MRT-sensor and caused the off-set to off-line 
measured granule moisture. 
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The off-set to off-line measured granule moisture during sequence 2 and sequence 3 to 
decreased values compared to in-line measured granule moisture with MRT-sensor be 
assigned to the modification of the surface of MCC with ethanol and was already discussed 
in section 5.2.2.1.. A verification of the theory on modification of the surface of MCC-particles 
with ethanol e.g. using x-ray diffractometry would be useful. 
A) 
 
B) 
 
C) 
 
 
Figure 6-2: A) Granule moisture during variation of inlet-air temperature during drying 
process (in-line measurement: lines, off-line measurement: dots), Mean value of n=3 batches 
per temperature; B) Granule moisture during fluid bed granulation process (in-line 
measurement: lines, off-line measurement: dots), Mean values of n=3 batches per sequence; 
batches from sequence 1 and tests on 70°C drying temperature are similar C) Minimum of in-
line measured product temperature in the fluid bed granulator during spraying of aqueous 
binder solution for every batch separated according to the individual tests. 
Overall it can be concluded that the calibration of the SFT-sensor in the model-fluid bed 
granulation process is influenced by different aspects: 
1. Due to increased product moisture during granulation the precision of the calibration 
is decreased. This issue was already discussed in literature112;118. Investigations on a 
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new sensor including 4 wavelengths in the evaluation of data to increase the moisture 
measurement range were already published144. 
2. Changes in granulation process leading to a stronger wetting of the MCC and to an 
increased particle size during the granulation process influence the in-line monitoring 
of the granule moisture. 
3. Changes in the granulation sequence influence the in-line monitoring of the granule 
moisture due to interactions of the MCC with ethanol and the following changed 
interaction of MCC with water. 
These aspects have to be considered when the MRT-sensor for in-line moisture 
measurement is implemented in the fluid bed granulation process. The off-sets of the in-
line and the off-line measured granule moisture might be eliminated by calibrating the 
sensor for each individual granulation process. The precision of the calibration of the 
sensor could be improved by using the new 4-wavelength-sensor that should measure 
linear in a granule moisture range up to 14 %144. 
With the currently available data it can be stated that a real-time release of the model-
granules regarding granule moisture utilizing the MRT-sensor calibrated on off-line LOD-
measurements is not possible. It could be demonstrated that the MRT-measurement is 
dependent from different external factors.  
Even though it could be shown that a finger-print of the granulation process and changes 
during the process can be indicated using the sensor. 
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 Discussion on stability of Ethinylestradiol 6.3
The stability of the drug substance is the third critical quality attribute of the granulation 
product. It can be measured in the granules as well as in the final tablets. The degradation 
process of Ethinylestradiol (EE) is accelerated by oxygen33;27;28 and thermal influences31. 
Water is known to be a catalyst for oxidative degradation processes38;40;41. 
 Conclusions from investigations on stability of EE 6.3.1
The standard granulation process that was investigated during this thesis consists of different 
process steps: 
1. prewarming of the excipients 
2. spraying of ethanolic drug substance solution 
3. spraying of aqueous binder solution  
4. drying of granules 
During this standard fluid bed granulation process Ethinylestradiol is sprayed as ethanolic 
solution in step 2. It is therefore exposed to oxygen due to large amounts of air passing 
through the product to keep the fluidized status. In the next step, the spraying of the aqueous 
binder solution, the product is wetted due to the amount of water sprayed into the granulator. 
Therefore the drying step leads to in an increased product temperature. Summarizing, with 
each process step the degradation of EE might be accelerated due to factors resulting from 
the granulation process. 
This thesis aimed to investigate the influence of process parameters drying time, drying 
temperature (thermal stress) and contact with the surface of the filler material on the stability 
of EE in the model formulation. In this model formulation microcrystalline cellulose was used 
as main filler substance instead of lactose. 
For tests on variation of drying time the model formulation was granulated in the fluid bed 
granulator and dried up to 30 min. During the drying time samples were drawn for stability 
testing. It could be demonstrated that the samples with shortest drying (0 min) time and 
therefore the highest product moisture (8.35 %) present the highest amount of impurities 
after storage (Figure 4-5 E, F, G). Significant differences were determined for 6-alpha-
hydroxy-EE, 6-beta-hydroxy-EE and 9(11)-dehydro-EE after 8 weeks closed storage at 
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40 °C/75 % r.h. and furthermore for 6-oxo-EE after 12 weeks closed storage at 
40 °C/75 % r.h. respectively 24 months closed storage at 25 °C/60 % r.h.. No differences 
could be detected in the start-samples of all 3 drying times that would be an indicator for 
thermal influences depending on drying time during the drying process. Therefore it could be 
stated that the degradation process of EE during the respective experiment was moisture 
driven. A longer exposure to air oxygen and higher process-temperatures due to a longer 
drying time (Figure 6-5 A) did not affect the stability of EE in this experiment. 
Investigations on influence of thermal stress on the stability of EE were performed by 
granulating the model formulation in the fluid bed granulator and drying the granules at 50 °C 
respectively 70 °C or 90 °C inlet air temperature. Significantly increased amounts of 6-beta-
hydroxy-EE, 9(11)-dehydro-EE and 6-oxo-EE differences were determined in samples dried 
at 90 °C inlet air temperature after 8 weeks of storage at 40 °C/75 % r.h. (Figure 4-5 D). This 
indicates an influence of the thermal stress during the drying process due to the increased 
drying temperature in the presence of water. The product temperature at the end of drying 
with inlet-air temperature 90 °C was measured at 47 °C (for inlet-air temperature: 70 °C: 
39 °C) Hence, the granules dried at 90°C showed the lowest LOD with 5.9 % compared to 
granules dried at 50 °C (LOD=7.3 %) and 70 °C (LOD= 7.1 %). At this point the thermal 
stress due to increased drying temperature overrules the influence of the product moisture in 
the range of 6 % to 7 % LOD. 
For tests on influence of the used filler materials and the contact area of the main excipient 
MCC on the stability of EE the drug substance was dissolved in ethanol and sprayed on the 
surface of different lactose-respectively MCC-grades (binary mixtures). Samples of these 
mixtures were investigated on stability of EE. In these tests it could be demonstrated that 
during opened storage the amount of all impurities in the lactose-grades was decreased 
compared to the amount of impurities found for MCC (Figure 5-2). The highest amount of 
degradation product was determined for 9(11)-dehydro-EE. Between both tested lactose-
grades significant differences regarding the impurities could be measured for 9(11)-dehydro-
EE as well. The closed storage of the samples showed a completely different picture (Figure 
5-3): the highest amount of degradation products was determined for the binary mixture with 
the largest particle size (Pharmatose 130). In this mixture all impurities were significantly 
increased after 12 weeks of storage. The amount of impurities in the binary mixture with 
MCC (Vivapur 101) was comparable with the amount determined in the binary mixture with 
the lactose of smaller particle size. In the binary mixture with MCC the impurity with the 
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steepest increase again was 9(11)-dehydro-EE. The increased amount of impurities after 
opened storage of MCC-containing binary mixtures could be attributed to the sponge-like-
behaviour of MCC. 
During closed storage at 25 °C/60 % r.h. (24 months) of binary mixtures from different MCC-
grades in tests on influence of contact area of EE with the main filler substance MCC it could 
be shown that the amount of impurities correlates with the particle size of MCC substance: 
the larger the particle size and therefore the smaller the specific surface area the lesser the 
amount of impurities that was determined. The highest rate of impurities was determined for 
binary mixture with Vivapur 105 (x50=29 µm). The lowest rate of impurities was detected for 
binary mixture with Vivapur 12 (x50=146 µm). The main indicators after 24 months were 6-
alpha-hydroxy-EE and 9(11)-dehydro-EE. For both impurities correlations between particle 
size of MCC and the amount of degradation product could be determined (Figure 5-4 B). 
Stability studies for investigations on influence of different spraying sequences (Figure 5-8) 
showed significant differences for all degradation products after 4 weeks storage at 
40 °C/75 % r.h.. Sequence 3 (BM-EE) had the smallest amount of impurities. This effect 
could be explained with a coating of the surface of MCC with ethanol, no contact of EE with 
aqueous binder solution and the short processing time of EE in the granulator. 
 Influence of process parameters on stability of Ethinylestradiol 6.3.2
The following section investigates relations between the stability of EE measured as the 
amount of its degradation products and all tested process parameters with the aim to 
determine the most important parameters influencing the stability of EE and therefore the 
main dependency of the individual degradation product from the process. To this end the 
results for degradation products from all investigations are compared as available for storage 
time points 8 weeks at 40 °C/75 % r.h. respectively 24 months at 25 °C/60 °% r.h.. The 
following Figure 6-3 and Figure 6-4 provide an overview on the results for each degradation 
product at start of storage and the respective storage time point. Figure 6-5 presents an 
overview on factors that are supposed to trigger the degradation of EE: Temperature and 
drying time are variables of the process that influence as well each other10;17. Both variables 
influence the product moisture (measured as LOD) which is a CQA of the product that is 
supposed to influence the stability of EE as well. 
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A) Start 
 
B) 8 weeks 
 
C) Start 
 
D) 8 weeks 
 
E) Start 
 
F) 8 weeks 
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G) Start 
 
H) 8 weeks 
 
Figure 6-3: Comparison of degradation products during all investigations at 40 °C/75 % r.h. 
after start and 8 weeks storage (closed/ opened/ blistered storage) 
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A) Start 
 
B) 24 months
 
C) Start
 
D) 24 months
 
E) Start
 
F) 24 months
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G) Start
 
H) 24 months
 
Figure 6-4: Comparison of degradation products during all investigations at 25 °C/60 % r.h. 
after Start and 24 months storage (closed storage) 
By comparison of impurities from tests on influence of granulation process parameters (tests 
on drying temperature, spraying sequence and drying time, Figure 6-3 and Figure 6-4) it can 
be clearly seen that the amount of impurities were similar at start of the storage in all tests 
except for tests on drying time regarding 6-oxo-EE (Figure 6-3 G). This indicates that 
changes of the process do not influence the stability of EE directly but influence the bonding 
of the water in the molecules leading to differences in stability of EE during storage of the 
samples. 
The start-values of all degradation products from tests on drying temperature at 70 °C and 
drying time at 15 min can be directly compared. This is because 70°C is the standard inlet-air 
temperature usually used for drying and the drying time during the tests on that drying 
temperature was: 16 min. The results of both test-conditions can therefore be used as 
bridging point at start. As already mentioned above there is a difference between both test-
series: 6-oxo-EE was determined in start samples from test on drying time to the same 
extend in all three samples (Figure 6-3 G, Figure 6-4 G). This impurity was not detected in 
samples from tests on influence of drying temperature 70 °C (Figure 6-3 G). Both test series 
differ regarding product-temperature during granulation process which was increased during 
tests on drying time as already mentioned in section 6.2, Figure 6-2 C. During the process 
step ‘drying’ the product-temperature in the test on drying time was measured at maximum 
49 °C and therefore increased compared to tests on influence of inlet-air temperature during 
process step ‘drying’ (70 °C drying temperature: 39 °C). This difference in temperature 
indicates that the degradation of EE forming 6-oxo-EE might be triggered by thermal 
influences. Further reflexions on the influences of process attributes on the stability of EE will 
be done in the following section. 
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6-alpha-hydroxy-EE as well as 6-beta-hydroxy-EE was slightly increased at time point start in 
samples from tests on influence of product temperature (50 °C, 70 °C, 90 °C), spraying 
sequence (EE_BM, BM_EE_BM, BM_EE) and drying time (0 min, 15 min, 90 min) (Figure 
6-3 A and C, Figure 6-4 A and C). Comparatively small amounts of these degradation 
products at time point start were determined in samples from binary blends (P450 M, P130M. 
Viv 101, Viv 105 and Viv 106). This indicates that 6-alpha-hydroxy-EE and 6-beta-hydroxy-
EE are formed during the granulation process triggered by process temperature, humidity 
and process time. 9(11)-dehydro-EE was present in all samples at time point start (Figure 
6-3 E, Figure 6-4 E). The formation of this degradation product is therefore supposed to be 
fast and independent from the primary process. 
The amount of all degradation products increased with increasing product moisture in the 
samples: the highest amount of each degradation product was determined in the sample of 
opened stored binary blend of MCC (Viv101) (Figure 6-3 B, D, F, H). An extraordinary high 
amount could be found for 9(11)-dehydro-EE (Figure 6-3 F) after opened storage for 8 weeks 
at 40 °C/75 % r.h. that could not be detected after closed storage for 24 months at 
25 °C/60 % r.h.( Figure 6-4 F). It was already discussed that the sponge-like behaviour of 
MCC causes an increased bounding of water from the air humidity that catalysed 
degradation reactions. A trending in the amount of degradation product depending on the 
particle size of MCC was determined for 6-alpha-hydroxy-EE and 9 (11)-dehydro-EE after 24 
months in closed storage at 25 °C/60 % r.h (Figure 6-4 B, F). This trend could be attributed 
to the increase of particle surface and therefore the increase of the contact area of EE with 
MCC (section 5.2.1.2). 
Influences of product moisture could be determined for all degradation products for the test-
series drying time: at 0 min drying time the highest product moisture was measured (8.4 %) 
showing the highest amount of all degradation products within this series. In the sample of 
lowest product moisture after 30 min drying time (3.4 %) the smallest amount of all 
degradation products were determined (Figure 6-3 B, D, F, H and Figure 6-4 B, D, H). 
Influences of process time were determined for all degradation products for samples on 
spraying sequence (EE_BM, BM_EE_BM, BM_EE) (Figure 6-3 B, D, F, H): the longest 
process-time in spraying sequence EE_BM of 55 min (Figure 6-5 C) caused the highest 
amounts of impurities. Only 6-oxo-EE showed a clear dependency from process temperature 
in the test series on influence of drying temperature (50 °C, 70 °C, 90 °C): the amount of 6-
oxo-EE increased with increasing drying temperature (Figure 6-5 A, Figure 6-3 H). 
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During all tests 6-oxo-EE displayed the highest extend of increase compared to the other 
degradation products. 
 
A) 
 
B)
 
C) 
 
 
Figure 6-5: Factors influencing degradation of EE for each investigation test series: A) 
Product temperature measured from fluid bed granulator during process (tests on drying 
temperature: maximum product temperature during drying; tests on spraying sequence: 
mean temperature during time EE in process; drying time: temperature measured at 
sampling; binary mixtures: maximum temperature during time EE in process); B) LOD values 
from samples; C)Time of EE in process from measured from start spraying ethanolic EE - 
solution 
In the following section the amounts of degradation products measured after 8 weeks 
storage at 40 °C/75 % r.h. of all test series are correlated against the measured values for 
the process parameters process time and process temperature as well as the determined 
CQA LOD to investigate the degree of influence of the parameters on the stability of EE. The 
source of parameters for correlation is summarized in Figure 6-5. The following diagrams 
summarize linear correlations with R²>0.9 of the investigated parameters with the 
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degradation products of EE (Figure 6-6 to Figure 6-8). Correlations with R²<0.9 are not 
depicted in the diagrams. 
The correlation of the amount of degradation products with LOD showed strong correlation 
with R² = 0.9977 for 9 (11)-dehydro-EE, R²=0.9999 for 6-oxo-EE and R²= 0.9977 for 6-alpha-
hydroxy-EE in tests on influence of drying time after 8 weeks closed storage at 
40 °C/75 % r.h. (Figure 6-6 A). Results from correlations with LOD in investigations on 
influence of spraying sequence show a weak correlation with R²= 0.9194 for 9(11)-dehydro-
EE (Figure 6-6 B). Strong correlations with R²=0.9733 for 6-beta-hydroxy-EE and R²=0.9987 
for 6-alpha-hydroxy-EE could be determined from investigations on drying temperature 
(Figure 6-6 C).  
A)  
 
B)  
 
C)  
 
 
 
Figure 6-6: Correlation of degradation products of EE with LOD: A) Investigations on 
influence of drying time (40 °C/75 % r.h., 8 weeks storage, closed); B) Investigations on 
influence of spraying sequence (40 °C/75 % r.h., 8 weeks storage, blistered); C) 
Investigations on influence of drying temperature (40 °C/75 % r.h., 8 weeks storage, 
blistered); Lines in diagrams are linear regressions with R² as regression coefficient 
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Correlations of degradation products with drying time showed promising results for 9(11)-
dehydro-EE, 6-alpha-hydroxy-EE and 6-oxo-EE (Figure 6-7 A). The correlation with time EE 
in process (measurement of time started with begin of spraying ethanolic EE-solution, Figure 
6-7 D) shows a good correlation with R²=0.9886 for 6-oxo-EE. Comparably weaker 
correlations were determined for 6-alpha-hydroxy-EE and 6-beta-hydroxy-EE (Figure 6-7 B). 
Results from investigations on influence of drying temperature show only a weak correlation 
for 6-oxo-EE with time EE in process (Figure 6-7 C). 
A)  
 
 
B)  
 
C)  
 
D)  
 
Figure 6-7: Correlation of degradation products of EE with time: A) Investigations on 
influence of drying time, correlation with drying time (40 °C/75 % r.h., 8 weeks storage, 
closed); B) Investigations on influence of spraying sequence, correlation with Time EE in 
process (40 °C/75 % r.h., 8 weeks storage, blistered); C) Investigations on influence of drying 
temperature, correlation with time EE in process from start spraying EE solution (40 °C/75 % 
r.h., 8 weeks storage, blistered); D) Investigations on influence of spraying sequence, 
Process time for binder- and API-spraying for every sequence; Lines in diagrams are linear 
regressions with R² as regression coefficient 
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In tests on influence of drying time strong correlations for all degradation products were 
determined with product temperature (Figure 6-7 A). The results from all other investigations 
(influence of spraying sequence and drying temperature) showed a correlation of 
degradation products with the product temperature respectively drying temperature only with 
6-oxo-EE (Figure 6-7 B, C and D). 
A)  
 
B)  
 
C)  
 
D)  
 
Figure 6-8: Correlation with Temperature: A) Investigations on influence of drying time, 
correlation with product temperature (40 °C/75 % r.h., 8 weeks storage, closed); B) 
Investigations on influence of spraying sequence, correlation with mean product temperature 
during EE in process (40 °C/75 % r.h., 8 weeks storage, blistered); C) Investigations on 
influence of drying temperature, correlation with inlet air temperature during drying (40 °C/75 
% r.h., 8 weeks storage, blistered); D) Investigations on influence of drying temperature, 
correlation with maximum product temperature during drying (40 °C/75 % r.h., 8 weeks 
storage, blistered); Lines in diagrams are linear regressions with R² as regression coefficient 
The results from investigations on drying time (Figure 6-6 A, Figure 6-7 A, Figure 6-8 A) 
show that a long process time ends in a low LOD of the samples and therefore an increased 
product temperature (no decrease of temperature due to evaporation of residual water). The 
amount of degradation products and the calculated correlations determined can therefore be 
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attributed to the amount of water retained in the samples (LOD).The water in process during 
spraying impacts the degradation of EE to a minor degree. The results from investigations on 
drying temperature show interactions of the correlated parameters: an increased drying 
temperature results in a short drying time. 
Summarizing the results on correlation of the CQA Loss on drying as well as the process 
parameter time and temperature it can be assumed that the formation of 6-oxo-EE is to an 
increased extend thermically controlled whereas the formation of 6-alpha-hydroxy-EE, 6-
beta-hydroxy-EE and 9(11)-dehydro-EE is catalysed by moisture. 
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 Conclusion 6.4
This thesis investigated the influence of the variation of key-parameters on the critical quality 
attributes particle size, granule moisture and stability of EE in a fluidized bed granulation 
process. Microcrystalline Cellulose was used as main filler substance in the model 
formulation. According to the PAT-approach of the authorities in-line sensors were installed 
to monitor the granule particle size and granule moisture during the granulation process and 
to gain better understanding on the process. 
The SFT-sensor for in-line particle size monitoring could be installed successfully. The 
optimum position and configuration for in-line particle size measurement in the fluid bed 
granulator for the model formulation could be determined. During granulation of model 
formulations in different granulation processes it could be demonstrated that a finger-print-
like characterization of the granulation process can be observed. Despite of variations of the 
SFT-sensor from off-line measurement in the first granulation phases (pre-warming and drug 
substance solution spraying) a good accuracy of the method could be determined for the last 
granulation phase- the drying process. This granulation phase is of crucial importance for the 
further processing of the granules17;65-67. During the recent investigations the in-line 
measured particle size results from SFT-sensor could be used to identify the root cause for 
deviations in in-line LOD-measurement with MRT-sensor from the off-line measured LOD-
results (section 6.2). 
The MRT-sensor for in-line moisture monitoring was calibrated by means of the model 
granulation under variation of the drying time. The regression coefficient was determined. 
However, deviations to the reference method LOD and strong dependencies from the 
granulation process were identified. Nevertheless, fingerprint-like charts for granulation 
processes with variations in the spraying sequence and the drying temperature could be 
monitored. Further investigations should be done on new sensors measuring with two or 
more frequencies. 
The stability of EE was investigated under consideration of the influence of the thermal stress 
due to prolonged drying time, variations in in-let air temperature during drying and contacts 
with the filler excipients. It could be demonstrated that a prolonged drying time increases the 
stability of EE due to decreasing amount of water in the granules. Increasing drying 
temperature resulted in a decreased stability of EE due to thermal stress. It could be shown 
that the surface of the main filler substance influences the stability of EE as well: a 
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decreasing particle size and therefore increasing surface resulted in a decreased stability of 
EE. The surface of the main filler substance MCC could be modified by a change of the 
spraying sequence.  
6-oxo-EE was identified as the main degradation product showing the largest increase of its 
amount during storage and the best correlation with thermal as well as moisture influences. It 
could be confirmed that the moisture as well as thermal influences impact the stability of EE 
in the formulation. Up to now no investigations were published discussing these interactions 
of the stability of EE in a drug substance formulation. 
Two approaches could be implemented to improve the fluid bed granulation process 
regarding control of moisture in the formulation (measured as LOD) and decreasing the 
thermic influences to improve the stability of EE.  
1. Slowly spraying of aqueous binder solution:  
The aqueous binder solution could be sprayed slowly in the granulator during the 
conventional spray regime to avoid a strong wetting of the granules. Besides the in-
line moisture control a proper in-line monitoring of the particle size and the product 
temperature is recommended to control the particle size growth during the process 
and to prevent the formation of 6-oxo-EE due to high product temperatures. The 
overall process-time is not influenced by this approach: due to the minor wetting of 
the granules the drying time can be reduced 
 
2. Change in spraying sequence: 
In this thesis different spraying sequences were evaluated. The spraying sequence 
BM-EE could be shown as beneficial in terms of stability of EE. Furthermore it was 
the spraying sequence with the shortest process time. A dedicated end-point-control 
of the drying process can be eliminated due to the drying of the granules during the 
EE-spraying step. 
This conclusion clearly shows that beside the critical quality attributes of the granules 
economical aspects in terms of limitation of the process time and process resources have to 
be considered during optimization of a fluid bed granulation process. 
The results of this theses showed that an optimization of the fluid bed granulation process 
regarding the stability of EE is possible. The utilized in-line sensors provided a finger-print of 
the individual processes and could be helpful tools for optimization of the process. However, 
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it is not possible to replace the current used off-line end-point controls of the granulation 
process with the described in-line methods. 
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 Summary 7
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Quality initiatives of the FDA and the ICH ask for PAT-approaches as standard during the 
whole life-cycle of drugs including the development of a formulation. A better understanding 
of the development and manufacturing process should be gathered to improve and 
consolidate the quality of the drug product3;4;42. These PAT approaches include amongst 
others physical methods for characterization and monitoring of manufacturing processes. 
The methods should be based on predefined process- and formulation dependent critical 
quality attributes (CQAs) and critical process parameters (CPPs). To this end the 
implementation of process analyzers for monitoring of these CQAs and CPPs during the 
manufacturing process should ideally end up in real time release of products. 
Ethinylestradiol (EE) is the most commonly used estrogen substance1 in oral hormonal 
contraceptives. It is frequently processed in tablets for oral use. EE is highly active and 
therefore low dosed in the formulation. Furthermore, it is prone to oxidative degradation 
processes29-31. During development of a pharmaceutical formulation containing EE the 
homogenous drug distribution and the stability of the drug must be in focus. In manufacturing 
of tablets for oral use the granulation procedure can be regarded as an important key-
technology to control the quality attributes of the drug product. Therefore it is of crucial 
importance to understand and control the granulation process. 
During development of the new model formulation containing the low dose steroid hormone 
EE as drug substance and Microcrystalline Cellulose (MCC) as main filling excipient in a film 
tablet the stability of EE, the particle size of the granules and the granule moisture were 
identified as critical quality attributes of the product during the process step ‘fluid bed 
granulation’. Due to a possible oxidative degradation of EE the stability should be the leading 
attribute describing the quality of the entire formulation. Particle size of the granules and 
granule moisture are important parameters influencing the properties of the tablets as well as 
the stability of EE10;17. 
In context of this thesis formulations containing EE were investigated regarding the 
applicability of critical process parameters during development as well as their use as 
release criterion in future manufacturing processes. 
The aim of this thesis was the development of an effective and mild fluid bed granulation 
process of a new model-formulation with EE as drug substance. For this formulation Lactose 
was replaced by MCC as main filler excipient to meet the expectations of many users for 
lactose-free tablets. Requirements of the PAT initiatives were included to design a robust 
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process during development and for the following manufacturing. For this purpose new 
technologies for in-line monitoring of the critical quality attributes particle size and granule 
moisture during fluid bed granulation were installed in the granulator. The proper installation 
and calibration of these in-line sensors as a central point in case of qualification of a 
measurement system was the basis for further investigations. 
In-line particle size measurement was performed using spatial filtering technology. The in-
line monitoring with this sensor during fluid bed granulation was described in several 
studies94;96;101 but no details on the effects of sensor positioning and configuration on the 
measurement were provided. For this reason the influence of the parameters positioning and 
configuration of the sensor on the measurement results was tested during fluidization of two 
different MCC grades in the granulator. It could be demonstrated on the basis of the standard 
MCC-quality Vivapur 101 that the results measured in the deceleration zone are more 
reliable compared to results measured in the product container. Furthermore influences of 
the sensor depth as well as the rotation angle on the results were investigated to estimate 
influences due to accidentally caused variations in measurement set-up. Based on these 
investigations the optimal sensor configuration (sensor installation depth and rotation angle) 
was determined by statistical analysis of the particle size data for the standard model MCC 
(Vivapur 101). Segregation was demonstrated for the coarser MCC-grade (Avicel PH 102) 
fluidized under the same fluidization conditions as the standard MCC (Vivapur 101) leading 
to smaller particle size results in the deceleration zone than in the product container. 
Therefore placement of the sensor in the deceleration zone appears to be reasonable as 
long as a non-sorting fluid bed exists. The measurement in the position and configuration 
determined for the standard MCC was verified during a standard granulation process. All 
process steps were representable in the particle size profile (x50 approx. 60 µm to 100 µm). 
The correlation with the off-line laser diffraction measurement could be shown. The in-line 
measured particle size in the range of particles below 50 µm showed differences compared 
to the off-line measured particle size from laser diffraction. In fact, the particle size at the end 
of the granulation process is of high importance for further processing of the granules. In this 
process-phase the in-line and off-line measured x50 and x90 values were comparable. For 
smaller particles (x10) no accordance could be determined. Hence, variations within the 
granulation process (e.g. drying temperature or drying time) were detectable. Real time 
release might be possible in case further investigations on the influence of process 
parameters on the measurement would be performed. For other test systems (formulations, 
granulators) the validation of in-line particle size measurement with off-line laser diffraction 
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as well as the repetition of tests for sensor position for new formulations is strongly 
recommended. 
The MRT (Microwave resonance technology) sensor of in-line measurement of granule 
moisture was placed in the product container. It was calibrated against standard off-line loss 
on drying method (LOD/IR) during a standard granulation process. The regression coefficient 
was determined with 0.903. During the following granulation processes performed for this 
thesis deviations were detected between in-line and off-line measurement results. These 
deviations are the results of differences in the granulation process between the batches for 
calibration and the following granulation processes. Nevertheless, the granule moisture 
during different fluid bed granulation processes could be monitored. Fingerprints of the 
processes were presented. However, a replacement of the standard end-point determination 
using off-line LOD/IR by the MRT-sensor is not possible. Further investigations on MRT-
sensors measuring with 2 respectively 4 frequencies instead of one frequency were already 
described in literature146;147. This should improve the in-line moisture evaluation in fluid bed 
granulation process. 
Beside installation and validation of the in-line sensors for monitoring of the CQA granule 
particle size and granule moisture the stability EE in the new formulation depending on 
process variables was investigated. Due to the knowledge on the oxidative degradation of 
EE, the focus was set on the following three subjects with the aim to develop a mild and 
effective granulation process: 
 Influence of the granule moisture and thermal stress during the drying process by 
variation of the drying time 
 Influence of the thermal stress during drying process by variation of the drying 
temperature  
 Influence of the contact with filler excipients during fluid bed granulation process by 
investigation of binary mixtures and different spraying sequences of the binder 
solution 
All investigations were performed under consideration of in-line measurement systems to 
describe variations of the particle size (spatial filtering technology, SFT-sensor) and the 
granule moisture (Microwave resonance technology, MRT-sensor) during the entire 
granulation process. 
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To describe the stability of EE during the tests the leading degradation products of EE (6-
alpha-hydroxy-EE, 6-beta-hydroxy-EE, 9(11)-dehydro-EE, 6-oxo-EE29-31) were quantified and 
compared. 
For investigations on the influence of drying time three batches of the MCC-based model 
formulation were manufactured and consciously over dried (up to 30 min drying time). 
Samples were drawn at different drying times (after 0 min, 15 min, 30 min drying time). They 
were sealed and tested on stability of EE. With these data thermic influences as well as the 
influence of granule moisture on the stability of EE could be investigated. By evaluation of 
degradation products determined in the sample from starting point of stability investigations 
the influence of thermal stress due to a prolonged drying time should be visible in the results. 
The influence of different granule moisture resulting from different drying times would be 
detected after closed storage in sealed vials. Directly after granulation the amount of 
degradation products showed no significant differences in all samples. This indicates that the 
time of drying and therefore the thermic stress did not influence the stability of EE. 
Remarkable differences in degradation products were found between the samples of 
different initial moisture due to drying time with ongoing storage time in all groups: After 
storage of the samples granules with an LOD of 8.35 % (0 min drying time) for 12 weeks at 
40 °C/75 % r.h. all degradation products were significantly increased compared to granules 
with LOD 3.43 % (30 min drying time). Therefore the hypothesis could be confirmed that 
granule moisture accelerates EE degradation. 
The influence of thermal stress during the drying process was investigated by variation of the 
drying temperature at 50 °C, 70 °C (standard) and 90 °C. Three batches of the MCC based 
model-formulation were produced at each temperature. All granules were dried to moisture 
content of 6-7 % as measured in-line via MRT-sensor. The resulting granules were 
compressed and investigated on stability of EE. Significantly increased amounts of 
degradation products were determined after 8 weeks storage at 40 °C/75 % r.h. in samples 
dried at 90 °C. Therefore it can be concluded that the thermic stress during drying influenced 
the stability of EE. 
In the recent model formulation lactose monohydrate was replaced by MCC as main filler 
substance. To investigate the influence of the change in the main filler substance on the 
stability of EE binary mixtures from different grades of lactose monohydrate respectively 
MCC with EE were produced in the granulator. EE was sprayed as ethanolic solution on 
each excipient. Samples of these binary blends were stored in opened as well as in closed 
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glass vials and investigated for degradation products of EE. Significantly increased amounts 
of degradation products determined in opened stored binary blends of MCC with EE could be 
assigned to the uptake and inclusion of water in the molecular structure of MCC as already 
described in literature57;134. The measured amounts of degradation products after closed 
storage were comparable low for both excipients. These investigations showed that the 
contact of EE with MCC influences the stability of EE in the presence of water. 
In the next step the influence of the contact area of MCC and EE was evaluated by preparing 
binary blends of EE with different qualities of MCC representing a range of different particle 
sizes (Vivapur 105, Vivapur 101, Vivapur 12). Samples of the resulting binary blends were 
stored in closed glass vials to eliminate the influence of external air humidity. The lowest 
amount of degradation products was detected in binary blends with Vivapur 12 (largest 
particle size) and the highest amount of degradation products in Vivapur 105 (smallest 
particle size). Hence, it can be concluded that the decreased particles size distribution and 
therefore increased specific surface area of the binary blend with Vivapur 105 caused an 
increased degradation of EE due to increased contact area. This promotes the contact of 
water included in the molecular structure of MCC with EE and therefore accelerates the 
degradation of EE. 
During fluid bed granulation process EE is in close contact with the MCC-surface. Therefore 
it was obvious to vary the spraying sequence of aqueous binder solution and ethanolic EE 
solution to influence the contact time of EE with MCC. During the standard-process firstly the 
ethanolic EE-solution is sprayed on the prewarmed filler substance (MCC) followed by the 
binder solution (sequence 1). In the tested sequence 2 the binder solution was split in two 
similar portions: the first part of the binder solution was sprayed on the prewarmed filler 
material (MCC) followed by the ethanolic EE-solution and the second portion of the binder 
solution. Sequence 3 turns the standard procedure vice versa to protect EE: firstly the entire 
amount of binder solution was sprayed on the prewarmed filler material (MCC) followed by 
the ethanolic EE- solution. The granulation process was monitored using SFT and MRT for 
particle size and granule moisture determination. The granules were tableted, blistered in 
PVC/Aluminium and stored for stability investigations. The highest amounts of degradation 
products were found for sequence 1, the lowest amount was found for sequence 3. 
Significant differences were detected between all of these sequences. The off-line as well as 
the in-line measurement of particle size depict that sequence 3 has the largest particle size 
and sequence 1 has the smallest particle size prior to spraying of EE-solution. Furthermore 
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during the entire granulation process of sequence 3 the smallest amount of moisture was 
detected in-line as well as off-line in the presence of EE. It is assumed that three effects 
overlay in the granules: on the one hand the covering of the MCC-surface with binder and 
therefore a decreased contact area between both substances, on the other hand the shorter 
contact time of EE with water and third the shortened overall processing time of EE in the 
fluid bed granulator might have caused an increased stability of EE in samples produced with 
sequence 3. 
By cross-evaluation of all results it could be demonstrated that the formation of 6-oxo-EE is 
mainly thermically controlled whereas the formation of 6-alpha-hydroxy-EE, 6-beta-hydroxy-
EE and 9(11)-dehydro-EE is mainly triggered by moisture. Correlations could be determined 
for 6-oxo-EE from thermal influences as well as granule moisture. 
Overall it could be demonstrated that an effective and mild fluid bed granulation process can 
be developed by changing the granulation sequence to increase the stability of EE. It could 
be demonstrated that in-line monitoring of particle size using SFT- sensor is a suitable tool to 
investigate and control the fluid bed granulation process. In-line monitoring of the critical 
quality attribute granule moisture with the used MRT- sensor is restricted. Discrepancies 
between in-line and off-line measurement were detected for the granule moisture. 
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Die amerikanische FDA und die internationale ICH- Organisation fordern die Umsetzung von 
PAT-Standards für den gesamten Lebenszyklus eines Arzneimittels, also bereits während 
der Entwicklung. Durch ein besseres Verständnis des Entwicklungs- und 
Herstellungsprozesses soll die Qualität des Arzneimittels erhöht werden3;4;42. Zu den PAT-
Methoden zählen unter anderem physikalische Methoden zur Charakterisierung und 
Kontrolle des Herstellprozesses. Grundlage bilden dabei vordefinierte prozess- und 
formulierungsabhängige kritische Qualitätsmerkmale (CQAs) und kritische 
Prozessparameter (CPPs). Die Kontrolle dieser Qualitätsmerkmale und Prozessparameter 
ermöglicht im Idealfall eine Produktfreigabe in Echtzeit. 
Ethinylestradiol (EE) ist das für die hormonale Kontrazeption am häufigsten verwendete 
Estrogen1. Es wird häufig in Tabletten zur oralen Anwendung verabreicht. EE besitzt eine 
hohe Aktivität und kann somit sehr gering dosiert werden. Der oxidative Abbau des 
Wirkstoffes29-31 bedingt eine hohe Instabilität. Aufgrund der niedrigen Dosierung und der 
Instabilität ist bei der Entwicklung von EE-Formulierungen besondere Aufmerksamkeit auf 
die homogene Verteilung und die Stabilität des Wirkstoffes zu legen. Während der 
Herstellung von Tabletten ist die Granulierung ein wichtiger Schlüsselprozess zur Einstellung 
der Qualitätsmerkmale der Formulierung. Es ist dementsprechend entscheidend, den 
Granulierprozess zu verstehen und zu beherrschen. 
In der Entwicklung der Modellformulierung einer EE-enthaltenden Filmtablette auf Basis von 
mikrokristalliner Zellulose (MCC) im Rahmen dieser Arbeit wurden die Stabilität von EE, die 
Partikelgröße der Granulate und die Granulatfeuchte als kritische Qualitätsmerkmale 
während des Prozessschrittes „Wirbelschichtgranulierung“ identifiziert. Dabei sollte aufgrund 
des möglichen oxidativen Abbaus von EE während des Prozesses dessen Stabilität als 
Hauptkriterium für die Qualität der Formulierung im Fokus liegen. Die Partikelgröße des 
Granulates sowie die Granulatfeuchte sind wichtige Parameter, die die Eigenschaften der 
aus dem Granulat hergestellten Tabletten sowie die Stabilität von EE beeinflussen10;17. 
Im Rahmen dieser Arbeit wurden EE-haltige Formulierungen auf die Anwendbarkeit dieser 
kritischen Prozessparameter zur Formulierungsentwicklung sowie als Freigabekriterien 
zukünftiger Herstellprozesse untersucht. 
Das Ziel dieser Arbeit war die Entwicklung eines effektiven und schonenden 
Wirbelschichtgranulierprozesses für eine Modellformulierung mit EE als Wirkstoff. Für die 
Modellformulierung wurde Lactose durch MCC ersetzt und damit den Wünschen vieler 
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Anwender nach lactosefreien Tabletten entgegen gekommen. Um den Gesamtprozess in 
seiner Entwicklung und später in einer laufenden Produktion sicher und effektiv zu gestalten, 
wurden Anforderungen der PAT-Initiativen berücksichtigt. Zu diesem Zweck wurden neue in-
line Messsysteme installiert, die kritischen Qualitätsmerkmale wie Partikelgrößenverteilung 
und Granulatfeuchte während des Granulierprozesses im Wirbelschichtgranulator 
kontrollieren sollten. Die korrekte Installation und Kalibrierung dieser in-line Sensoren war ein 
Kernpunkt in der Qualifizierung der Messsysteme und bildete die Basis für weitere 
Untersuchungen. 
Die in-line Partikelgrößenuntersuchung wurde mittels Spatialfiltertechnologie (SFT) 
durchgeführt. In-line Kontrollen unter Verwendung eines SFT-Sensors waren bereits 
Gegenstand verschiedener Studien94;96;101, jedoch wurden keine Einzelheiten zum Einfluss 
von Position und Einstellung des Sensors auf das Messergebnis angegeben. Im Rahmen 
dieser Arbeit wurde der Einfluss von Position und Einstellung des Sensors im Granulator auf 
die Messergebnisse am Beispiel von zwei im Wirbelschichtgranulator verwirbelten MCC-
Qualitäten getestet. Anhand der Standard-MCC Vivapur 101 konnte gezeigt werden, dass 
die Messung in der Entspannungszone des Granulators zuverlässigere Messdaten liefert als 
die Messung im Produktbehälter. Außerdem wurden die Einflüsse der Tiefe der 
Sensoreinbringung und des Rotationswinkels auf das Messergebnis dargestellt um mögliche 
Einflüsse durch unbeabsichtigte Variation im Messaufbau abschätzen zu können. Anhand 
statistischer Analyse der gemessenen Partikelgrößendaten wurde eine optimale 
Sensoreinstellung (Tiefe der Sondeneinbringung und Rotationswinkel) für das untersuchte 
System Vivapur 101 ermittelt. Für die zweite MCC-Qualität mit größerer Partikelgröße (Avicel 
PH 102) wurde unter Standard-Prozessbedingungen nachgewiesen, dass 
Entmischungstendenzen auftreten: in der Entspannungszone wurden im Vergleich zum 
Produktbehälter kleinere Partikelgrößen gefunden. Damit konnte gezeigt werden, dass die 
Einbringung der Sonde in der Entspannungszone des Granulators nur dann sinnvoll ist, 
wenn während des Prozesses keine Produkt-Entmischung auftritt. Die für die Standard-MCC 
ermittelte optimale Sensor-Einstellung wurde anhand einer in-line Partikelgrößen-Messung 
während eines Standard-Granulierprozesses verifiziert. Dabei konnten alle Prozessschritte 
im Partikelgrößenprofil (x50: ca. 60 µm bis 100 µm) dargestellt und die Vergleichbarkeit zum 
off-line Referenzverfahren (Laserdiffraktometrie) gezeigt werden. Im Bereich der 
Partikelgröße <50 µm traten Abweichungen zur Laserdiffraktometrie auf. Für die weitere 
Verarbeitung der Granulate ist die Partikelgröße am Ende des Granulierprozesses 
entscheidend. In diesem Bereich war die Übereinstimmung der in-line und off-line 
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gemessenen x90 und x50 Werte gegeben. Für kleinere Partikel (x10) wurde keine 
Übereinstimmung gefunden. Abweichungen zum Beispiel durch Variation der 
Trocknungstemperatur oder Trocknungszeit während der für diese Arbeit durchgeführten 
Wirbelschichtgranulierprozesse konnten mit Hilfe des SFT-Sensors dargestellt werden. Eine 
Echtzeitfreigabe anhand der in-line Partikelgrößenmessung mit dem SFT-Sensor wäre 
durchaus möglich wenn weitere Untersuchungen zum Einfluss von Prozessparametern auf 
die Messergebnisse vorgenommen werden. Für andere Testsysteme (Formulierungen bzw. 
Wirbelschichtgranulatoren) müssen Untersuchungen zur Ermittlung der Messposition im 
Granulator und der Sondeneinstellung (Einbringungstiefe und Rotationswinkel) individuell 
durchgeführt werden. Anschließend hat eine Validierung im Vergleich zur off-line 
Referenzmessung zu erfolgen. 
Zur in-line Messung der Granulatfeuchte wurde ein Mikrowellenresonanzsensor (MRT) im 
Produktbehälter des Wirbelschichtgranulators installiert. Die Kalibrierung erfolgte gegen die 
Standard-off-line Methode zur Bestimmung des Trocknungsverlustes. Dabei wurde ein 
Regressionskoeffizient von 0,903 über den Gesamtgranulierprozess ermittelt. Während des 
In-line Monitorings der für diese Arbeit durchgeführten Wirbelschichtgranulationsprozesse 
konnten Abweichungen der in-line Methode von der off-line Referenzmethode identifiziert 
werden. Diese Abweichungen resultierten aus Unterschieden im Granulationsprozess der 
Chargen zur Kalibrierung der in-line Messsonde im Vergleich zu den später kontrollierten 
Testchargen. Trotz dieser Auffälligkeiten war es möglich, die Verläufe der Granulatfeuchte 
bei unterschiedlichen Granulierprozessen nachzuverfolgen. Jedoch ist eine Endpunkt-
Bestimmung der Granulatfeuchte mit Hilfe der MRT-Sonde als Ersatz für die off-line 
Messung nicht möglich. Sensoren zur Messung an Hand von zwei bzw. vier Messfrequenzen 
zur Erhöhung der Messgenauigkeit wurden bereits in der Literatur untersucht 146;147. 
Neben der Installation und Validierung der in-line Sensoren zum Monitoring der kritischen 
Qualitätsmerkmale Partikelgröße und Granulatfeuchte wurde die Stabilität des Wirkstoffes 
EE in Abhängigkeit der Prozessvariablen untersucht. Als Resultat sollte ein effektiver und 
schonender Herstellungsprozess im Hinblick auf den oxidativen EE-Abbau erzielt werden. 
Folgende Schwerpunkte wurden berücksichtigt:  
• Einfluss der Granulatfeuchte und der thermischen Belastung während des 
Trocknungsprozesses durch Variation der Trocknungszeit 
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• Einfluss der thermischen Belastung während des Trocknungsprozesses durch 
Variation der Trocknungstemperatur 
• Einfluss des Füllstoffes: Kontakt des Wirkstoffes mit dem Füllmittel (Lactose oder 
MCC) durch Untersuchung von binären Mischungen und unterschiedlicher  Sprühsequenzen 
während der Granulation. 
Alle Untersuchungen wurden unter Einbeziehung der in-line Messonden zur Darstellung der 
Einflüsse auf die kritischen Qualitätsmerkmale Partikelgrößenverteilung im Granulat (SFT-
Sensor) und Granulatfeuchte (MRT-Sensor) durchgeführt. 
Zur Untersuchung der Stabilität von EE wurden dessen Hauptabbauprodukte (6-alpha-
hydroxy-EE, 6-beta-hydroxy-EE, 9(11)-dehydro-EE, 6-oxo-EE29-31) quantifiziert und 
verglichen. 
Um den Einfluss der Trocknungszeit zu untersuchen, wurden drei Chargen der Modell-
Formulierung auf MCC-Basis hergestellt und bewusst bis zu 30 Minuten getrocknet. Nach 
0 min, 10 min und 30 min Trocknungszeit wurden Proben gezogen, eingelagert und der 
Gehalt der EE-Abbauprodukte bestimmt. Anhand der Ergebnisse konnten Rückschlüsse auf 
die Stabilität von EE in Abhängigkeit von der Temperatur und der Granulatfeuchte gezogen 
werden. Durch Untersuchung der Abbauprodukte zum Startpunkt der Stabilitätsprüfung 
sollten thermische Einflüsse aufgrund der langen Trocknungszeit nachweisbar sein. 
Einflüsse unterschiedlicher Granulatfeuchte resultierend aus unterschiedlichen 
Trocknungszeiten sollten nach geschlossener Lagerung in Glasvials sichtbar sein. Der 
Gehalt der Abbauprodukte in den Startproben wies jedoch keine signifikanten Unterschiede 
auf. Das bedeutet, dass eine lange Trocknungszeit keinen Einfluss auf die Stabilität nimmt. 
Nach der Lagerung über 12 Wochen bei 40 °C/75 % r.F. in geschlossenen Vials hatten die 
Proben mit einer hohen Ausgangsfeuchte von LOD = 8,35 % (0 min Trocknungszeit) 
insgesamt signifikant erhöhte Gehalte aller Abbauprodukte im Vergleich zu Proben mit einer 
geringen Ausgangsfeuchte von LOD = 3,43 % (30 min Trocknungszeit). Damit wurde 
bestätigt, dass die Granulatfeuchte den Abbau von EE beschleunigt. 
Der Einfluss des thermischen Stresses aufgrund der Trocknungstemperatur auf die Stabilität 
von EE wurde durch Variation der Zulufttemperatur während des Trocknungsschrittes von 
50 °C, 70 °C oder 90 °C untersucht. Die Temperatur von 70 °C ist die Standard-
Prozesseinstellung. Je Temperatureinstellung wurden drei Chargen der Modellformulierung 
hergestellt. Alle Granulate wurden bis zu einem Feuchtegehalt von LOD = 6-7 % getrocknet, 
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der mittels MRT-in-line Messung bestimmt wurde. Die entstandenen Granulate wurden 
tablettiert und die Stabilität von EE untersucht. Signifikant erhöhte Gehalte von EE-
Abbauprodukten konnten in Proben, die bei 90 °C getrocknet wurden, nach 8 Wochen 
Lagerung bei 40 °C/75 % r.F. ermittelt werden. Dies bestätigt die Hypothese, dass 
thermischer Stress während der Granulierung die Stabilität von EE beeinflusst. 
In der untersuchten Modellformulierung wurde Lactose durch MCC als Hauptfüllstoff ersetzt. 
Um Aussagen zum Einfluss der Füllstoffe auf die Stabilität von EE machen zu können, 
wurden zunächst binäre Mischungen aus MCC (Vivapur 101) bzw. verschiedenen Lactose-
Qualitäten mit EE im Granulator hergestellt. Dazu wurde EE in ethanolischer Lösung jeweils 
auf die sich im Wirbelbett befindlichen Füllstoffe gesprüht. Proben dieser binären 
Mischungen wurden sowohl offen als auch verschlossen in Glasvials gelagert und auf den 
Gehalt an EE-Abbauprodukten untersucht. In den offen gelagerten Proben der binären 
Mischung mit MCC wurden im Vergleich zu den Lactosemischungen signifikant erhöhte 
Gehalte an EE-Abbauprodukten ermittelt. Dies kann auf die in der Literatur beschriebenen 
Aufnahme und Speicherung von Wassermolekülen in der molekularen Struktur der MCC57;134 
und den damit verbundenen beschleunigten Abbau von EE zurückgeführt werden. Die aus 
den geschlossen gelagerten Proben ermittelten Gehalte an EE-Abbauprodukten waren 
vergleichbar gering in den Proben aus MCC und den verschiedenen Lactose-Typen. Der 
Vergleich zwischen geschlossener und offener Lagerung hat gezeigt, dass der Kontakt von 
EE mit MCC in Anwesenheit von Wasser zur Zersetzung von EE führt. 
Im nächsten Schritt wurde der Einfluss der Teilchengröße von MCC (Kontaktfläche) auf die 
Stabilität von EE untersucht. Zu diesem Zweck wurden binäre Mischungen von MCC-Typen 
verschiedener Partikelgröße (Vivapur 105, Vivapur 101, Vivapur 12) mit EE im 
Wirbelschichtgranulator hergestellt. Um den Einfluss der Luftfeuchte während der Lagerung 
zu minimieren, wurden Proben dieser binären Mischungen in geschlossenen Glasvials 
gelagert und auf EE-Abbauprodukte untersucht. Den geringsten Gehalt an EE-
Abbauprodukten wiesen die Proben der binären Mischung mit MCC der größten 
Partikelgröße (Vivapur 12) auf. Den höchsten Anteil an Abbauprodukten zeigten die Proben 
der binären Mischung mit MCC der kleinsten Partikelgröße (Vivapur 105). Es konnte daraus 
geschlussfolgert werden, dass die verringerte Partikelgröße und die damit verbundene 
vergrößerte spezifische Oberfläche in den Proben mit Vivapur 105 einen verstärkten Abbau 
von EE hervorgerufen haben. Das bedeutet, dass die größere Oberfläche einem vermehrten 
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Kontakt von EE mit den in der MCC eingeschlossenen Wassermolekülen und damit einem 
beschleunigten Abbau bedingt. 
Da während der Sprühgranulierung EE intensiven Kontakt mit der Oberfläche der MCC 
bekommt, war es naheliegend, die Reihenfolge des Sprühens von wässriger 
Bindemittellösung und ethanolischer EE-Lösung zu variieren und somit die Kontaktzeiten des 
EE mit der MCC zu verändern. Zunächst wurde der Standardprozess durchgeführt, bei dem 
zuerst die ethanolische EE-Lösung auf die vorgewärmten Hilfsstoffe (MCC) und danach die 
wässrigen Bindemittellösung gesprüht werden (Sequenz 1). In Sequenz 2 wurde die 
Bindemittellösung in zwei Teile gleicher Menge separiert. Der erste Teil wurde auf die 
vorgewärmten Hilfsstoffe gesprüht, im Anschluss daran wurden die ethanolische EE-Lösung 
und zuletzt der zweite Teil wässriger Bindemittellösung gesprüht (Sequenz 2). In Sequenz 3 
wurde der Standardprozess umgekehrt und damit der Schutz für das EE besonders erhöht: 
im ersten Schritt wurde die wässrige Bindemittellösung auf die vorgewärmten Hilfsstoffe 
gesprüht, danach folgte das Aufsprühen der ethanolischen EE-Lösung. Alle hergestellten 
Chargen wurden in-line und off-line während des gesamten Granulierprozesses mittels SFT- 
und MRT-Sonde kontrolliert. Die Granulate wurden tablettiert und anschließend verblistert in 
PVC/Aluminium eingelagert, um die Stabilität von EE zu untersuchen. Für den Gehalt der 
EE-Abbauprodukte konnten im Vergleich der drei Sequenzen signifikante Unterschiede 
gezeigt werden. Der höchste Gehalt an EE-Abbauprodukten wurde in den Proben des 
Standardverfahrens (Sequenz 1) ermittelt. Sequenz 3 zeigte wie vermutet den geringsten 
Anteil an EE-Abbauprodukten. Die sowohl in-line als auch off-line ermittelten Daten zur 
Partikelgrößenverteilung ergaben, dass vor dem Sprühen der ethanolischen EE-Lösung die 
Partikelgröße in Sequenz 3 am größten und in Sequenz 1 am kleinsten war. Außerdem 
konnte sowohl in-line als auch off-line gezeigt werden, dass die Granulatfeuchte während 
des gesamten Granulierprozesses in Sequenz 3 am geringsten war. Es wird 
dementsprechend angenommen, dass sich drei Effekte überlagern: zum einen ist in 
Sequenz 3 die Oberfläche von MCC mit Bindemittel überzogen, bevor ein Kontakt mit EE 
entstehen kann. Zum zweiten war die gesamte Kontaktzeit von EE mit Wasser in Sequenz 3 
insgesamt am geringsten. Zudem war die gesamte Zeit, in der EE im 
Wirbelschichtgranulierprozess enthalten war, in Sequenz 3 am kürzesten. 
Die Gesamtauswertung aller Daten zur Stabilität von EE zeigte, dass die Entstehung von 6-
oxo-EE vorwiegend thermisch bedingt ist. Die Bildung von 6-alpha-hydroxy-EE, 6-bety-
hydroxy-EE und 9(11)-dehydro-EE wurde vorwiegend durch die Granulatfeuchte verursacht. 
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Korrelationen konnten für 6-oxo-EE sowohl mit den thermischen Einflüssen als auch mit der 
Granulatfeuchte dargestellt werden. 
Die Entwicklung eines effektiven und schonenden Granulierprozesses ist durch Änderung 
der Granuliersequenz möglich. Es konnte gezeigt werden, dass die in-line gemessene 
Partikelgrößenverteilung mittels SFT-Sensor ein geeignetes System darstellt, den 
Wirbelschichtgranulierprozess zu untersuchen und zu kontrollieren. Die In-line Kontrolle der 
Granulatfeuchte mit dem MRT-Sensor ist nur bedingt möglich. Hier kam es im Vergleich zur 
Off-line-Messung zu größeren Abweichungen der Feuchtewerte. 
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List of Abbreviations 
API  Active pharmaceutical ingredient 
CQA  Critical quality attribute 
cGMP  Current Good Manufacturing Practice 
EE  Ethinylestradiol 
EMA  European medicines agency 
FBRM  Focussed beam reflectance measurement 
FDA  Food and Drug Administration 
DH  dehydro 
DS  Drug substance 
ICH  International Conference on Harmonisation 
JPH  Jenapharm GmbH & Co.KG 
LOD  Loss on drying 
LOD/IR Loss on drying measured by infra-red balance 
MRT  Microwave resonance technology 
MCC  Microcrystalline Cellulose 
MWR  Microwave resonance (technology) 
NIR  Near infrared 
NIRS  Near infrared spectroscopy 
PAT  Process analytic technology 
Ph. Eur. European Pharmacopoeia 
PSD  Particle size distribution 
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PTFE  Polytetrafluorethylene 
SEM  Scanning electron microscopy 
SFT  Spatial filtering technology 
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